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Abstract 

Ambient arsenic levels in some areas of Auckland have been found to exceed the New 

Zealand air quality guidelines for health. While arsenic levels outdoors have been well 

investigated in New Zealand, little is known about indoor concentrations. As modern 

populations spend most of their time indoors, it is important to understand the presence and 

characteristics of this toxic metalloid in indoor environments. The aim of this thesis was to 

measure indoor concentrations of arsenic and investigate the factors affecting concentrations, 

particularly the burning of treated timber. Samples of household dust were submitted from 

participants across Auckland via the citizen science programme DustSafe over both the 

summer and winter periods. The concentrations of As, Cr, Cu, Mn, Ni, Pb and Zn were then 

measured and used for further analysis. In addition, participants were asked to complete a 

questionnaire describing their household characteristics, behaviours and observations of 

wood burning in their neighbourhood which may contribute to indoor arsenic levels.  

Arsenic was higher in regions with greater numbers of wood burners and where participants 

more frequently detected woodsmoke. Interestingly, arsenic concentrations found did not 

differ significantly between seasons, suggesting a source of arsenic in the summer. Arsenic 

was not significantly associated with participant household characteristics (as determined 

from questionnaires), except for the presence of indoor pets. This could be due to the track-in 

of outdoor arsenic residue by household pets, originating from treated timber structures or 

outdoor soils. 

Multivariate receptor modelling of the data resulted in chemical profiles with high 

contributions from arsenic and were similar to those of a study carried out previously in New 

Zealand. These profiles were attributed to biomass burning in Auckland, suggesting that the 

burning of treated wood is a source of indoor arsenic.  

The results of this study suggest that levels of indoor arsenic in Auckland homes may exceed 

soil guidelines, and therefore negatively affect human health. Decreasing the amount of 

treated wood burned may reduce indoor arsenic levels. Future studies should further 

investigate presence of indoor pets on indoor arsenic levels, as this was the only non-wood-

burning factor to significantly affect arsenic concentrations.  
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1.0 Introduction 

In many countries, studies have found ambient arsenic (As) levels to exceed health guideline 

values (Fang et al., 2011). In China, this has been attributed mainly to coal combustion for 

domestic and industrial use (Liu et al., 2007; Sun et al., 2014; Xie et al., 2019; Mao et al., 

2020; Wang et al., 2020b). Mining and smelting activities present a significant source of 

airborne arsenic in Huelva, Spain (Sanchez-Rodas et al., 2012; Sánchez de la Campa et al., 

2015), Bor, Serbia (Šerbula et al., 2010), Arizona, USA (Rodríguez-Chávez et al., 2021) and 

Port Pirie and Mount Isa in Australia (Taylor et al., 2014).  

The inhalation of arsenic contaminants has been less investigated than ingestion and dermal 

absorption pathways (Martin et al., 2014; Palma-Lara et al., 2020). However, direct exposure 

via the inhalation pathway can present significant health risks (Tapio & Grosche, 2006; Smith 

et al., 2009a). There is no safe recommended dose for the inhalation of arsenic – it is thought 

to induce negative health effects at any level of exposure above zero (WHO, 2000; MfE, 

2011b). Arsenic-containing particulates can deposit in the lungs, especially particulates in the 

finer fraction, which can penetrate deeper into the respiratory tract and become absorbed into 

the bloodstream (Martin et al., 2014). Exposure to low doses of arsenic over long periods can 

lead to health effects, including respiratory cancers and heart disease (Lubin et al., 2008; Keil 

& Richardson, 2017).  

Arsenic within indoor environments has not been as well investigated as outdoor arsenic, 

despite the modern population spending up to 90% of their time indoors, especially with 

home isolation and working from home during the recent pandemic (Roh et al., 2021; 

Salamone et al., 2021). Due to the greater amount of time that people spend indoors than 

outdoors, the health risks and exposure to indoor contaminants may exceed those outdoors 

(WHO, 1997; Huang et al., 2014). The infiltration of air pollutants (e.g. PM) from outdoors 

to indoors can occur through open doors and windows, cracks and gaps in the building, and 

mechanical ventilation (Leung, 2015). For biomass burning and woodsmoke, this infiltration 

may increase the concentration of PM for the wood-burning house (Salthammer et al., 2014; 

Chakraborty et al., 2020), outdoor air (Allen et al., 2009) and nearby houses (Galbally et al., 

2009; Siponen et al., 2019). Comparison of indoor and outdoor airborne arsenic 

concentrations have been investigated to a lesser extent with the ratio between the two found 

to vary (Yang et al., 2015; He et al., 2019; Wu et al., 2019), with outdoor airborne arsenic 
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concentrations generally exceeding those indoors (Yang et al., 2015; He et al., 2019; Wu et 

al., 2019; Rodríguez-Chávez et al., 2021). Some studies have found indoor concentrations to 

exceed the guideline values for outdoor airborne arsenic (He et al., 2019), while others have 

found indoor levels to be within the guideline (Wu et al., 2019). 

Household dust is a medium widely used to characterise trace metal concentrations in indoor 

environments. The advantage of this medium is that it is relatively easy to implement in 

comparison to the sampling of airborne PM, which requires continuous monitoring, 

collecting pollutants on filters, and the analysis of filters (Rasmussen et al., 2007). Therefore, 

household dust studies allow for indoor pollutants to be studied on a larger scale (Isley et al., 

2022a). Due to the relationship between indoor air quality and indoor dust (Schneider, 2008; 

Eštoková et al., 2010), it can be used to investigate indoor air quality and personal exposure 

to indoor arsenic. 

1.1 Research context 

Airborne arsenic concentrations in Auckland have been reported to range from 2.47 – 8.16 

ng/m3 (annual average), with maximum concentrations ranging from 36 – 174 ng/m3 (Davy et 

al., 2017; Davy & Trompetter, 2020; Talbot et al., 2020). These ranges encompass and 

exceed the limit of 5.5 ng/m3 (annual average) for arsenic in outdoor air – a concentration 

maximum suggested by the National Ambient Air Quality Guidelines (NAAQG), in order to 

protect both human health and the environment in New Zealand (Ambient Air Quality 

Guidelines, 2002). This indicates a significant source of arsenic in Auckland.  

Ambient arsenic concentrations have been observed to peak during the winter months (Davy 

& Trompetter, 2020). This seasonal pattern, as well as receptor modelling, has identified the 

burning of CCA-treated timber as the likely source of airborne arsenic. This relationship is 

relatively unique to New Zealand and has been unreported as a source for other countries 

identified in the literature that present findings of airborne arsenic concentrations (Isley et al., 

2022a). This is potentially due to the ubiquitous presence of CCA-treated timber in New 

Zealand where it is used with fewer restrictions than in other countries.   

Using a wood burner for home heating can have varied effects on both outdoor and indoor 

levels of particulate matter (PM). It can have a significant effect on outdoor PM levels (Allen 

et al., 2009) as well as indoor PM levels when burner doors are opened (Salthammer et al., 
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2014; de Gennaro et al., 2015; Chakraborty et al., 2020), and when wood burning stoves are 

cleaned out (Frasca et al., 2018). As arsenic forms part of the particulates emitted when CCA-

timber is burned, it is expected that they will also distribute in outdoor and indoor air (Davy 

& Trompetter, 2021). Similarly, it is expected that metals will deposit on surfaces as 

particulates, contributing to deposited concentrations of arsenic in household dust 

(Rasmussen et al., 2011). By measuring the concentrations of arsenic in Auckland’s 

household dust, this thesis aims to investigate the relationships between arsenic in ambient 

air, wood burning and indoor dust arsenic. Additionally, the thesis investigates the 

contribution of other factors to indoor arsenic levels, which are unrelated to wood-burning – 

such as occupant behaviours and household characteristics. 

Indoor air pollution from wood-burning stoves and the presence of metals in indoor 

household dust have been studied extensively. However, studies have not used household 

dust to study the effect of wood-burning emissions on the indoor environment. Household 

dust provides a method of investigating indoor arsenic levels without directly measuring air 

quality and can be done using simple equipment owned by householders. This has been done 

on an international scale by DustSafe or 360 Dust Analysis, a citizen science program based 

at Macquarie University in Sydney, Australia. In this program, participants send in a sample 

of their household dust (collected using a domestic vacuum cleaner) and answer an online 

survey about their home’s characteristics and occupant behaviours. Samples are analysed for 

trace metal concentrations (As, chromium (Cr), copper (Cu), manganese (Mn), nickel (Ni), 

lead (Pb) and zinc (Zn)) free of charge, and a report is returned to the participant. The 

DustSafe programme has collected and analysed more than 2,235 samples of household dust 

from 35 countries to assess the concentrations of trace metals in households, their potential 

sources and their health risks (Isley et al., 2022a). Trace metal concentrations in household 

dust in New Zealand have yet to be investigated in the literature, with the exception of New 

Zealand samples in Isley et al.’s DustSafe study (2022a) and in Christchurch (Fergusson et 

al., 1986; Kim & Fergusson, 1993). To expand on the work of these studies, this thesis aims 

to focus more specifically on indoor arsenic levels, patterns the spatial distribution of arsenic 

across Auckland, as well as differences in seasonal arsenic concentrations. This information 

will be used to examine evidence of a relationship (or lack thereof) between wood burning 

and indoor arsenic concentrations in Auckland.  
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1.2 Research aims 

This thesis aims to investigate the concentrations of arsenic found in the indoor dust of 

Auckland homes and its potential sources. In particular, it seeks to investigate the relationship 

between indoor arsenic concentrations with the burning of timber treated with Copper 

Chrome Arsenic (CCA).  

Data were collected and analysed to address the main question: Does the local burning of 

CCA-treated wood affect arsenic concentrations in the home and therefore individual indoor 

exposure to arsenic in Auckland, New Zealand? The following hypotheses were tested: 

1. Arsenic concentrations in household dust are greater in winter than in summer 

2. Arsenic concentrations in dust are elevated in the regions of Auckland with high 

ambient arsenic levels (in outdoor air). 

3. Arsenic concentrations increase with wood burner density in the area  

4. Factors unrelated to CCA- wood burning (such as the presence of pets, the age of the 

house, and shoes worn inside the house) are not associated with arsenic 

concentrations. 

In order to achieve this, the spatial patterns of indoor arsenic were examined across 

Auckland, and the relationships between indoor concentrations and indicators of wood 

burning (such as season, presence of fireplace and wood burner density in the area) 

determined. The effect of other sources of arsenic were also investigated (non-woodsmoke 

indicators), including household characteristics such as footwear indoors, indoor pets, and 

house age, and proximity to industrial sources. 

Participants across Auckland were recruited during the summer and winter of 2021, and 

voluntarily submitted a sample of their household dust via the citizen science programme 

DustSafe. By collaborating with DustSafe, participant samples and survey data were able to 

be collected using their existing programme. This was identified as the best method of 

collecting a large number of samples under lockdown conditions and had a user-friendly 

online interface. Additionally, this kept analytical methodologies consistent which allowed 

for comparison with the previous New Zealand DustSafe dataset. Participants were also sent a 

‘woodsmoke’ questionnaire about certain household behaviours and observations related to 

wood-burning and indoor dust. The concentrations of arsenic and other metals in the samples 
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were then measured using portable X-ray Fluorescence (pXRF), and the concentrations 

analysed in relation to their corresponding spatial, seasonal and participant characteristics. 

The sources of indoor arsenic were further investigated using multivariate analysis (Principal 

Component Analysis and Positive Matrix Factorisation). 

1.3 Thesis structure 

Chapter 2 provides a review of arsenic and its relevance to treated timber. It then discusses 

the use of household dust and source of arsenic in this medium. Finally, the methods used for 

dust sampling and analysis are discussed, along with receptor modelling methods. 

Chapter 3 describes the methods used in the experimental portion of the thesis, and for data 

treatment and analysis. 

Chapter 4 presents both the results and discussion of the study. This describes the spatial 

patterns arising from the data, and how arsenic is affected by factors related and unrelated to 

wood burning. A source apportionment analysis is then detailed, followed by the limitations 

of the study. 

Chapter 5 concludes the thesis with a summary of the results, relevance of the study, and 

suggestions for future studies which build on the results of this thesis. 
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2.0 Literature Review 

This literature review aims to provide a holistic view of the issue of arsenic in the indoor 

environment, its potential sources, and how household dust provides a useful measure of 

indoor pollution. Arsenic is a carcinogen (Chen & Olsen, 2016) which has been found at high 

concentrations in the air in Auckland, New Zealand (Talbot et al., 2020; Davy & Trompetter, 

2021). A likely source has been identified in studies as the burning of CCA-treated timber 

(Wilton et al., 2009; Ancelet et al., 2012; Davy et al., 2012; Ancelet et al., 2015; Talbot et al., 

2020; Davy & Trompetter, 2021). Treated timber is abundant in New Zealand, and despite 

being an illegal behaviour, is sometimes burned as a fuel source. The hypothesis is that the 

burning of CCA-treated timber releases arsenic into the indoor and outdoor environment. 

Once in the air, it may also enter homes and contribute to indoor arsenic levels in houses not 

burning treated wood. However, CCA-treated timber is not the only source of indoor arsenic; 

it is also found in soils naturally (Tchounwou et al., 2012), as a result of agricultural activity 

(Smith et al., 2003), produced by industrial activities (US EPA, 1998) and traffic emissions 

(Stamatelopoulou et al., 2021; Zhao et al., 2021).  

The following sections aim to answer the following questions: 

• (2.1) What is arsenic and its sources in the environment?  

• (2.2) How does CCA-treated wood burning contribute to airborne arsenic? What is its 

significance in New Zealand? 

• (2.3) What are the determinants of indoor metal dust concentrations? 

• (2.31) What is the relationship between outdoor airborne arsenic (from CCA wood-

burning) and indoor dust arsenic? 

• (2.32) What is known about arsenic concentrations in indoor dust? 

• (2.33 – 2.36) What are the potential sources of arsenic in indoor dust? 

• (2.4) What are the methods used for dust metal analysis and source apportionment? 

 

2.1 Arsenic 

Arsenic (As) is a metalloid that is naturally present in soil, air and water due to volcanic and 

geothermal activity and weathering of arsenic-rich parent rock into soil, air and groundwater 

(Robinson et al., 2006b; Tchounwou et al., 2012). It does not break down, remaining 
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essentially indefinitely in the environment and moving through the Earth’s lithosphere, 

hydrosphere, atmosphere and biosphere (Tanaka, 1988; Jang et al., 2016).   

Various anthropogenic activities use arsenic and generate it as a by-product into the air, soil 

and water. Arsenic may be released into the air when coal is burned, as some types of coal 

naturally contain arsenic (Keegan et al., 2006; Bencko & Foong, 2017). The mining and 

smelter of arsenic-containing ore can expose and release arsenic, contaminating surrounding 

soils and water bodies (Masuda, 2018). Industries such as lead-acid battery production (Cao 

et al., 2015) and glass manufacturing (Vuyyuri et al., 2006) use chemicals containing arsenic, 

which can also release arsenic into the environment. Pesticides are another source of direct 

and indirect environmental contamination. The chemical treatment of timber with the 

pesticide Copper Chrome Arsenic (CCA) (Wang & Mulligan, 2006), the application of 

agricultural fertilisers and pesticides (Bencko & Foong, 2017), and the use of treated timber 

in vineyards (Gaw et al., 2006; Robinson et al., 2006a) can result in soil and water 

contamination when arsenic is leached into the environment or directly applied. In Australia 

and in New Zealand, the historical use of arsenic in livestock pesticide dips has resulted in 

widespread arsenic soil contamination (Robinson et al., 2004; Masuda, 2018). In countries 

such as Chile, Argentina, Mexico, China and India, the primary sources of arsenic exposure 

are from mining metal ore, coal combustion, and the use of contaminated groundwater for 

drinking water and crop irrigation (Roychowdhury et al., 2002; Sancha & O’Ryan, 2008; 

Schwanck et al., 2016; Zhang et al., 2020). The abundance of these activities promotes the 

release of arsenic into the environment as a by-product; therefore, the exposure to and health 

risk from arsenic for people living within the vicinity of these activities is relatively high 

(Maud & Rumsby, 2008). As a result of these natural and anthropogenic activities and its 

inability to degrade, arsenic is ubiquitous in the environment and present at low levels in all 

living matter (Wang & Mulligan, 2006). 

2.11 Health Risk and Guideline Values 

Organic forms of arsenic are less toxic due to their poor uptake into cells and are less likely to 

be found in soils at high concentrations (Environment Agency, 2009; Chung et al., 2014). 

Inorganic arsenic exists in trivalent and pentavalent states, with the trivalent form being 2 - 

10 times more toxic than the pentavalent (Environment Agency, 2009; Tchounwou et al., 

2012). It is a carcinogen and has a wide array of adverse effects on the body, causing damage 
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to cells, DNA and effectively all organ systems (Tchounwou et al., 2012; Chen & Olsen, 

2016). Arsenic tends to accumulate in the hair and nails (APVMA, 2005), where it is 

biologically unavailable and does not metabolise; hence, there have been a number of studies 

using hair and nails as a biomarker for arsenic exposure (Rakib et al., 2013; Huang et al., 

2014; Subhani et al., 2015; Dirks et al., 2020). Arsenic found in air and soil and that used in 

pesticides tends to be inorganic, whereas arsenic from food (e.g. fish and vegetables grown 

from arsenic-contaminated water) is in the organic form (Maud & Rumsby, 2008; Olmedo et 

al., 2013; Chung et al., 2014). 

The largest health risk from arsenic exposure comes from drinking contaminated 

groundwater, and eating contaminated foods - a risk in countries where crustal arsenic and 

groundwater contamination are relatively high (Anawar et al., 2002; Tchounwou et al., 2012; 

Chen et al., 2017). Another pathway of exposure is through inhalation, as arsenic can adsorb 

to airborne particulate matter (PM) and become suspended into the air or settle as dust (Xie et 

al., 2019). Soil which contains naturally high levels of crustal arsenic or has been 

contaminated by anthropogenic activities can also present an exposure pathway to humans; 

particularly, to young children who are at greater risk of ingesting it (Moya et al., 2004; 

Chung et al., 2014).  

Exposure to arsenic through air, soil and direct dermal contact tends to be low for the general 

public, however may be significant for workers in associated industries (mining, battery 

production plants, agriculture, horticulture, timber treatment plants) and young children. 

These groups are more likely to be exposed to arsenic through inhalation, direct dermal 

contact and ingestion pathways (Moya et al., 2004; Cocker et al., 2006; Tchounwou et al., 

2012; Cao et al., 2015).  

The WHO considers there to be no safe concentration for its inhalation. However, there has 

found to be an excess lifetime lung cancer risk (above ‘natural’ risk) for 1:100,000 people 

when concentrations exceed 6.6 ng/m3 of arsenic in ambient air (averaged value per annum) 

(Maud & Rumsby, 2008; Taylor et al., 2014). The target value of 6 ng/m3 per annum was 

adopted by the European Union (Lewis et al., 2012), China (Xie et al., 2019) and 

Queensland, Australia (Taylor et al., 2014). New Zealand’s National Ambient Air Quality 

Guideline (NAAQG) value is 5.5 ng/m3 for inorganic arsenic (per annum), and 55 ng/m3 for 

the gaseous compound arsine (Ambient Air Quality Guidelines, 2002). 
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New Zealand’s Soil Guideline Values (SGVs) for arsenic indicate acceptable levels of arsenic 

in soil. These differ for land-use types, and aim to protect human health. The soil contaminant 

standard (SCS) values are 17 mg/kg for rural residential/lifestyle blocks with (assumed) 25% 

of home-grown produce being consumed by occupants, 20 mg/kg for residential lots with 

10% of homegrown produce being consumed, and 45 mg/kg for high-density residential lots, 

respectively (MfE, 2011) (Table 2.1).  

Table 2.1: Soil Contamination Standards (SCS) and typical LOD of inorganic arsenic, Cr, 

Cu and Pb  

 Arsenic Cr (VI) Cu Pb 
1 Rural residential 

(25% produce) 

[mg/kg] 

 

17 290 >10,000 * 160 

1 Standard Residential 

(10% produce) 

[mg/kg] 

 

20 460 >10,000 * 210 

1 High density residential 

(little growing of produce) 
45 1,500 >10,000 * 500 

1 Recreation 80 2,700 >10,000 * 880 

1 Commercial/industrial 

outdoor worker 
70 6,300 >10,000 * 3,300 

2 Typical LOD of pXRF 

[mg/kg] 
1-3 5-10 5-7 2-4 

*Essentially there is no limit. It is unlikely that the element will be present at these concentrations at most sites.  

1 - (MfE, 2011) SCS to protect human health (mandatory under the NES) (mg of element / kg of soil) 

2 – Innov-X systems, nd 

 

2.12 Arsenic in Air 

Particulate Matter (PM) refers to solid and liquid particles suspended in the air as an aerosol. 

This is the medium in which airborne arsenic collects and is can be sampled. PM can have 

different sizes; the smaller the particle, the more easily they enter the respiratory system 

(Sanchez-Rodas et al., 2012; Xie et al., 2019). Airborne PM can be collected on filters, which 

are generally sampled every 24 hours. These are weighed after sampling, and the arsenic 
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concentration determined using a range of chemical techniques (Sanchez-Rodas et al., 2012; 

Sun et al., 2014; Xie et al., 2019). 

Fang et al. (2011) reviewed ambient arsenic concentrations in over 16 countries from 2000 - 

2011. They found the highest average concentrations in Shanghai, China (30.80 ng/m3 in 

PM2.5) and Serbia (272 ng/m3 in PM10). The primary sources of arsenic in these regions are 

coal combustion and mining activities, which tend to generate PM and arsenic in the fine 

(PM2.5) and coarse (PM10) fractions, respectively (Martin et al., 2014). 

In China, where coal consumption is high, arsenic air pollution can often be severe and 

exceed the Chinese arsenic limit of 6 ng/m3 (ambient annual average) (Liu et al., 2007; Xie et 

al., 2019; Mao et al., 2020; Wang et al., 2020b). From 2013 – 2015, samples of total 

suspended particles (TSP) were collected in seven Chinese provinces (Wang et al., 2020b). 

The median ambient arsenic concentrations measured in seven provinces exceeded the 

ambient arsenic guideline, with an overall median of 11.3 ng/m3 and a recorded range of 0.85 

– 185 ng/m3. The authors found seasonal differences in ambient arsenic concentrations in 

Chinese provinces with cold, dry winters and hot, humid summers; however, in provinces 

with little temperature and humidity differences between the seasons, there was less variation 

in arsenic levels. In China, this seasonal difference is likely due to the increase in coal-

burning for home heating and the more stable atmospheric conditions experienced during 

winter, which compounds air pollution. Wang et al. noted that precipitation during humid 

summers may decrease arsenic concentrations, likely due to atmospheric washout of PM 

(Yang et al., 2015; Guo et al., 2016). The trend of higher winter arsenic levels in China were 

also found by Xie et al. (2019) (169.3 and 110.6  ng/m3 for summer and winter, respectively) 

and Sun et al. (2014) (110 and 45.0 mg/kg, respectively). China’s intensive use of coal for 

industry and as a source of energy, as well as in metal smelters, results in heavy ambient 

arsenic pollution compared to other countries (Sun et al., 2014; Xie et al., 2019; Wang et al., 

2020b).  

Mining-related activities, such as the extraction, processing and transportation of coal and 

metal ores (which may be enriched in arsenic), also present a major source of arsenic. This is 

often through mechanical processes which generate arsenic in the coarse fraction (PM10), 

which is then dispersed into ambient air (Martin et al., 2014; Sánchez de la Campa et al., 

2015). The city of Huelva is home to the second largest copper smelter in Europe and has 



11 

 

Spain's highest recorded ambient arsenic levels. Sanchez-Rodas et al. (2012) reported an 

average of 14.9 ng/m3 and a range of 2.4 – 62.5 ng/m3 in 2008 for As(V) in PM10. This range 

is lower than those reported in China. 

Ambient arsenic concentrations recorded in 2017 – 2018 in Graz, Austria – a non-industrial 

city – were found to range from 0.06 to 3.32 ng/m3 (Tanda et al., 2020) and are relatively low 

compared to the coal-burning and mining regions discussed above. Sampling was conducted 

daily for a year, and not once did the arsenic levels exceed the EU’s guideline. Wintertime 

peaks were observed and attributed to the burning of fossil fuels for household heating, rather 

than industrial sources (due to the lack of industry in this city).  

In comparison, New Zealand’s average airborne arsenic levels (Table 2.2) are higher than 

those seen in Graz, Austria and some in Huelva, Spain (a non-industrial and mining city, 

respectively). Researchers have reported on ambient arsenic in areas including Timaru (Scott, 

2014), Christchurch (Cavanagh et al., 2009), Nelson (Ancelet et al., 2013, 2015), 

Wainuiomata (Davy et al., 2012), Masterton (Ancelet et al., 2012), Hastings (Wilton et al., 

2009) and Auckland (Davy & Trompetter, 2018) (see Tables 2.2 – 2.4). All regions outside of 

Auckland have reported average arsenic concentrations which exceed the ambient air quality 

guideline. However, Papatoetoe in Auckland reports one of the highest maximum arsenic 

concentrations measured from May – July of 2018, at 174 ng/m3  (Talbot et al., 2020). 

Henderson exceeded the arsenic annual guideline seven times from 2007 – 2019 (Davy & 

Trompetter, 2020). 

For many of these New Zealand studies, the levels of arsenic show a strong association with 

biomass burning based on receptor modelling (Wilton et al., 2009; Ancelet et al., 2012) and 

tend to peak in winter alongside woodburning emissions of PM2.5 (Davy et al., 2012; Ancelet 

et al., 2015; Davy & Trompetter, 2021). This suggests that the primary source of ambient 

arsenic in these New Zealand studies is the burning of timber for home heating during the 

winter; more specifically, timber treated with Copper-Chrome Arsenic (CCA) (Cavanagh et 

al., 2009; Ancelet et al., 2013; Davy & Trompetter, 2018).  
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Table 2.2: Ambient arsenic concentrations from New Zealand studies, measured from PM10 

and/or PM2.5* samples 

Reference 
Monitoring 

period 

Mean arsenic 

(ng/m3) 

Maximum 

arsenic 

(ng/m3) 

Location 

Wilton et al., 

2009 
2006 – 2007 

21 

 (average), 

11 

 (Seasonally adjusted 

average) 

102 
Jervois Street, 

Hastings 

Ancelet et al., 

2012 * 

July – 

September 

2010 

7 91 
Wairarapa College, 

Masterton 

7 110 
Chanel College, 

Masterton 

 Davy et al., 

2012 * 
2006 – 2008 9 91 Wainuiomata 

Ancelet et al., 

2015 * 

2009, 

2010, 

2011 

  

16.1, 

10.4, 

11.4 

(Annual averages, 

respectively) 

NA 
St. Vincent Street, 

Nelson 

 

The maximum concentration of 174 ng/m3 found in Papatoetoe, Auckland (Talbot et al., 2020 

– Table 2.4), is within the average concentration range found in Baoding and Nanjing, China 

where arsenic levels from coal burning are particularly high. Therefore, despite coal-burning 

being relatively rare in Auckland, our ambient arsenic levels still reach those observed in 

coal-burning countries. 

Arsenic in household indoor air has been investigated to a lesser extent than ambient outdoor 

arsenic. In China, where coal burning, mining and other industrial activities are common 

sources of arsenic, airborne arsenic concentrations have been found to be lower indoors than 

outdoors (Yang et al., 2015; He et al., 2019), and both significantly correlated with one 

another (R = 0.539, p < 0.05 for As in PM2.5) (Wu et al., 2019). He et al. (2019) found indoor 

levels in four office rooms to exceed the guideline values for outdoor arsenic in Northern 

China (indoor average of 10.6 ng/m3 in PM10), while in 24 homes in Southern China, Wu et 

al. (2019) did not (indoor average of 1.92 ng/m3 in PM10) (Zhuo et al., 2019). Wu et al.’s 

study reported much lower indoor and outdoor arsenic levels than He et al.’s. The studies 
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were conducted in similar seasons (spring (He et al., 2019) and summer (Wu et al., 2019) and 

with methods (Inductively Coupled Plasma Mass Spectrometry and Atomic Fluorescence 

Spectrometry, respectively) which both report similar performance results for arsenic 

determination (Gómez-Ariza et al., 2000). Therefore, the differences in their indoor arsenic 

concentrations may be due to due to lower rates of coal consumption in Northern than 

Southern China, as well as differences in coal composition (Liu et al., 2009). 

Studies of indoor arsenic have also found significantly higher levels in winter than in summer 

(Yang et al., 2015; Mainka & Fantke, 2022), and attributed the levels to fossil fuel 

combustion (primarily coal) for home heating. 

2.121 Auckland’s ambient arsenic  

Since 2005, PM samples have been collected on filters at some of Auckland’s monitoring 

sites, to allow for the determination of airborne elemental concentrations (Davy et al., 2017; 

Talbot, 2017; Talbot & Crimmins, 2020). The polycarbonate filters retain particles smaller 

than 10 μm and are changed on a regular basis (daily or weekly). Emission sources have 

‘fingerprints’ of elements in the airborne PM they emit; therefore, it is expected that elements 

from the same source are correlated. This allows the contribution of different emission 

sources and activities to be estimated using receptor modelling (Davy et al., 2017). The 

arsenic concentrations from such analyses can give an insight to the regions most affected by 

the burning of treated wood, and so regions where indoor arsenic concentrations may be 

highest. Analyses of PM filter samples have found that Auckland’s arsenic concentration 

peak during the winter months (June and July) and closely follow the seasonal PM2.5 peaks 

attributed to biomass burning (Figure 2.1), suggesting that the burning of CCA-treating 

timber is the source of winter ambient arsenic levels (Talbot, 2017). 
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Figure 2.1: Winter peaks in concentration shown for PM2.5 from biomass burning and 

arsenic (Talbot, 2017) 

Filter samples from 2006-2021 were analysed using Ion Beam Analysis (IBA) in the latest 

Council report on Auckland’s airborne elemental concentrations (Davy & Trompetter, 2021). 

These data were obtained from Auckland Council to give the arsenic concentrations shown in 

Table 2.3. Note that only the results from PM10 elemental speciation are reported here, as this 

is the size most consistently monitored. The annual average is reported for the most recent 

year available for each station (2021, 2016 and 2015).  

In 2021, Henderson has had both the highest mean (8.16 ng/m3) and maximum 

concentrations (47.09 ng/m3) of the five regions monitored. Henderson also reported the 

highest values for the overall period 2006-2021. Both Henderson and Takapuna exceeded 

New Zealand’s guidelines for ambient arsenic levels (annual average of 5.5 ng/m3) in 2021. 

Table 2.3: Summary of arsenic concentrations (ng/m3) for PM-sampling sites in Auckland. 

Results calculated from data from September 2006 - December 2021. [1 = Penrose 

monitoring period from 2006-2016. 2= Khyber Pass monitoring period from 2006 – 2015]. 

Overall value refers to overall average over total time period (2006-2016 or 2006-2015). 

Annual value refers to average over 2016 and 2015 

Monitoring 

site 

As concentrations (ng/m3)  

 

Overall value 

(1 2006 - 2016) 

(2 2006 - 2015) 

As concentrations (ng/m3)  

  

Annual value 

(1 2016) 

(2 2015) 

Mean Min Max Mean Min Max 

Takapuna 5.67 0 61.34 6.89 0 43.08 

Henderson 7.43 0 94.62 8.16 0 47.09 

Queen Street 4.31 0 60.74 2.47 0 17.26 
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Penrose1 5.96 0 71.88 4.77 0 27.22 

Khyber Pass2 4.86 0 53.07 4.67 0 29.42 

 

Additionally, PM filters at four of the Auckland monitoring stations were changed daily in 

May - July 2018, as reported by Talbot et al. (2020) (Figure 2.2). X-ray fluorescence (XRF) 

spectrometry was used to measure their elemental concentrations. The highest mean 

concentrations were recorded in Papatoetoe (13.9 ng/m3), followed by Henderson (9.7 ng/m3) 

(Table 2.4). Papatoetoe had the highest density of wood burners (of the four stations 

considered) within a 1 km radius of the air quality station. Therefore, the authors suggested 

that there was local CCA wood-burning activity nearby the air quality monitoring station, 

which resulted in large spikes in arsenic concentration. Nearby residential wood burning was 

expected to be responsible for arsenic levels observed in Takapuna and Henderson. All three 

of these sites reported highest arsenic concentrations during periods of low wind speeds; 

therefore, it is likely that emissions are highly localised and not transported from elsewhere. 

Conversely, Penrose’s arsenic concentrations appeared to flow from the south-west direction 

from the Manukau Harbour, which may be from Penrose’s industrial area (containing an 

asphalt plant and previously a glass smelter – see Section 2.13 and Figure 2.2). The authors 

suggested that this could be responsible for the steadier, low levels of arsenic observed at this 

station, in contrast to the concentration spikes observed at the other three sites. 

In these two analyses, the highest mean ambient arsenic concentrations were recorded in 

Henderson and Papatoetoe. Burning CCA-treated timber for domestic heating is likely to be 

opportunistic and localised (Ancelet et al., 2012; Talbot et al., 2020), therefore the wood 

burning sources are likely to be near stations measuring high arsenic concentrations. 

Consequently, we would expect indoor arsenic concentrations to be higher in Henderson and 

Papatoetoe in this study. 

Table 2.4: Summary of arsenic concentrations (ng/m3) collected from May – July 2018 

(Talbot et al., 2020) 

Monitoring site 
May – July 2018 

Mean Min Max 

Takapuna 5.2 0 36 
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Henderson 9.7 0 69 

Penrose 6.4 0 37 

Papatoetoe 13.9 0 174 

 

 

Figure 2.2: Auckland air quality monitoring stations used for elemental analysis of PM filters 

(Talbot et al., 2020) 

 

2.122 Auckland’s ambient lead 

In addition, arsenic and lead concentrations in Henderson have peaked each winter from 2007 

to 2021, suggesting that painted timber is also burned as household fuel (Davy & Trompetter, 

2021) (see Figure 2.3). However, it is thought that this behaviour of burning painted timber 

has decreased while the burning of treated timber has not. It may be that the decline in lead-

based usage (Ministry of Health, 2022) has resulted in less painted wood which is readily 

available. Trend analyses show a lead statistically significant decrease in lead from PM10 

(with a 95% confidence interval) from 2007 - 2020, but not for arsenic. Due to the decline in 
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this relationship, we would not expect a strong correlation between dust Pb and arsenic in this 

thesis’s results. 

 

 

Figure 2.3: Monthly average concentrations of arsenic (a) and lead (b) from PM10. 

Concentrations peak during winter months, from 2007-2021 (from Davy & Trompetter, 2021) 

 

2.13 Auckland’s industrial arsenic  

Auckland’s industrial sector is relatively small and concentrated in industrial ‘hubs’, which 

may contribute to ambient arsenic emissions (see Figure 2.2). These include Penrose, East 

Tamaki, Wiri and the Rosebank Peninsula (Crimmins, 2018). New Zealand Steel, located in 

Glenbrook near Auckland’s Southern boundary, is the only large-scale coal consumer in 

Auckland. It burns a significant amount of coal for its steel mill processes – a process which 

generates fly and bottom ash that may contain arsenic (Robinson et al., 2004). It was 

estimated that in 2016, NZ Steel’s emissions accounted for 80% of all mass emissions from 

the consenting industrial sites in Auckland (Crimmins, 2018). No samples were collected 

within its vicinity. Therefore, it was not considered in this study as it is unlikely that it 

contributed to household arsenic levels. 

Glass manufacture sometimes uses arsenic compounds as decolourises or fining agents 

(WorkSafe New Zealand, 2020). O-I Glass, a glass manufacturing company, previously 

operated in Penrose but is no longer in operation (Crimmins, 2018); therefore it is unlikely 

that this will be an arsenic source in this study.  
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Finally, Auckland has two asphalt manufacturers located in Penrose and East Tamaki (see 

Figure 2.2) (Crimmins, 2018), which may present an industrial source of arsenic in these 

regions (US EPA, 1998).  

2.14 Arsenic from soils 

Arsenic concentrations in soils can range from 0.1 – 55 mg/kg and vary depending on the 

type of parent rock of the soil and anthropogenic activities which release arsenic (Tanaka, 

1988). Arsenic-based pesticides have been used extensively in agriculture, becoming a source 

of anthropogenic soil arsenic. The historical application of these pesticides on crop farms 

(Conrad et al., 2021), cotton fields (Bencko & Foong, 2017), sheep dips (Smith et al., 2003), 

railway tracks and sidings (Smith et al., 2006) for pest and weed control also contributes to 

arsenic contamination in soils and groundwater.  

The arsenic from CCA-treated outdoor structures (residential decks and patios, vineyard 

posts, utility posts, playgrounds) can leach into surrounding soils either directly or via rainfall 

runoff, resulting in elevated soil concentrations nearby such structures  (Townsend et al., 

2003; Khan et al., 2006; Robinson et al., 2006a; Coles et al., 2014). Townsend et al. (2003) 

found that average arsenic soil levels under treated wood structures (28.5 mg/kg) average, 

exceeded guidelines in Florida for residential lots (0.87 mg/kg). The runoff from CCA-treated 

timber decks can also have elevated arsenic concentrations in comparison to non-treated 

decks; Khan et al. (2006) found arsenic levels to be 300 times greater for the treated deck 

than the non-treated deck (averaged concentrations after one year of runoff). Similarly, Coles 

et al. (2014) found average soil and water arsenic concentrations near treated-timber utility 

poles to exceed most guidelines; they suggested that pollution may be particularly 

problematic if soil near treated timbers is porous, as arsenic is relatively mobile in soil and 

can reach groundwater reservoirs.  

Arsenic may also contaminate residential garden produce and soils, if ash from a CCA wood-

burning fireplace is used in gardens as fertiliser (Ancelet et al., 2015). 

2.141 Auckland’s soil arsenic 

Historically, arsenic-based pesticides were manufactured and used for livestock dips, where 

livestock was submerged into a bath of pesticide solution to control insect infestations. In 

New Zealand, sheep dips were compulsory on farms from 1849-1993, with arsenic being the 
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most common dipping pesticide used until the 1950s (Environment Waikato, n.d.). This has 

also resulted in thousands of contaminated sites across the country (Robinson et al., 2004). 

Arsenic-based pesticides (such as lead arsenate) were among the first and most widely used 

pesticides in New Zealand horticulture (Robinson et al., 2004; Gaw et al., 2006), which have 

now been associated with higher soil arsenic levels in horticultural land; particularly in 

orchards (Gaw et al., 2006). These pesticides are now prohibited (Department of Internal 

Affairs, 2009). In these areas where land use has changed and is now intended for produce or 

recreational purposes, there is a risk of human exposure to arsenic, particularly through the 

ingestion of contaminated soils, water or homegrown produce (MfE, 2011). Therefore, the 

historical arsenic contamination of soils may provide another source of indoor arsenic in 

Auckland.    

CCA metal residues can leach from timber structures into runoff (Khan et al., 2006) and 

surrounding soils, giving metal concentrations significantly higher than control soils. In 

vineyards of Marlborough, New Zealand, Robinson et al. (2006a) found that 25% of soil 

samples taken near CCA wooden posts exceeded the 100 mg/kg Australian guideline value 

for arsenic in agricultural soils. Such analysis has not been conducted in Auckland; however, 

since the use of CCA-treated timber is ubiquitous in outdoor New Zealand structures 

(domestic and horticultural alike), it is possible that such leaching occurs in Auckland soils. 

2.142 Auckland soil survey  

A 2014 soil survey of 60 sites in Auckland measured concentrations of eight heavy metals 

from urban parkland, reserves and school grounds (Curran-Cournane et al., 2015). The 

authors calculated a pollution index (PI) for each metal, which indicated the extent of metal 

pollution in the soil. They found a high PI for Cu and moderate PI for arsenic, Cr and Pb. The 

mean total pool of arsenic was the highest at school sites, while Cr and Cu were highest for 

high-traffic areas and Pb was highest for industrial sites. They identified potential sources of 

soil arsenic as vehicle emissions and the burning of CCA-treated wood. 

A more extensive study of baseline soil metal concentrations across Auckland was conducted 

in September-October 2020 (Lim, 2021; Martin et al., 2022). Samples were taken from 112 

sites across Auckland at 4 km regular gridded intervals and 2 km intervals in central 

Auckland. Lim found statistically significant differences between arsenic, Cr, Cu, Ni, Pb and 

Zn in sites sitting above volcanic rock, indicating that the composition of parent rock 
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influenced their concentration. Arsenic levels were higher in Central, West and North Shore 

of Auckland. PI was also calculated for the metals, finding 41 sites with low levels of arsenic 

pollution, 58 moderate and 4 high. The composition of local soils is an important factor in 

this study, as outdoor arsenic may be carried indoors by occupants, thus affecting the indoor 

metal concentrations.  

2.15 Auckland’s dust arsenic 

In New Zealand, indoor dust studies have been done on organic contaminants such as 

polybrominated diphenyl ethers (Harrad et al., 2008; Coakley et al., 2013), flame retardants 

(Ali et al., 2012) and metals (Fergusson et al., 1986; Kim & Fergusson, 1993). Fergusson et 

al.’s (1986) Christchurch study estimated that 45-50% of household dust came from soil and 

streets. Kim and Fergusson (1993) investigated concentrations of Cd, Cu, Pb and Zn in the 

household dust of 120 Christchurch homes. They reported that the metal concentrations 

(Table 2.5) were affected by factors such as carpet wear, leaded petrol and paints, and traffic.  

As part of DustSafe’s global study on indoor dust, Isley et al. (2022a) collected 2,265 

samples from 35 countries. In this study, participants were asked to answer an online survey 

and send in a sample of household dust from their vacuum cleaners. Forty-seven samples 

from New Zealand were collected and analysed, giving a median dust arsenic concentration 

of 39 mg/kg (see Appendix 4.2 and Section 2.3 for more detail). 

2.2 Copper chrome arsenic (CCA) and treated timber 

Timber may be chemically treated to prevent decay and extend its lifespan (Mohajerani et al., 

2018). CCA treatment solutions contain about 23-25% copper (Cu), which prevents fungal 

growth, 38-45% chromium (Cr), which fixes the other metals to the timber and 30-37% 

arsenic, used for controlling insects and fungi (Standards NZ, 2003; Townsend et al., 2004; 

Mohajerani et al., 2018). The solution requires arsenic to have a high enough solubility to 

eliminate pests, but also low enough to be retained by the timber to a certain extent (Hemond 

& Solo-Gabriele, 2004). During fixation, the freshly treated timber has a characteristic green 

tinge (APVMA, 2005). Timber is most often treated when intended for outdoor use, due to 

the ongoing exposure to water and weather that it is expected to experience. CCA is a 

preservative commonly used in New Zealand for the purpose – in 2006, about 69% of New 

Zealand’s timber was treated using CCA (Scott, 2013).  



21 

 

In New Zealand, timber is treated to different ‘hazard classes’ depending on the intended use 

of the timber and the level of protection it needs from water and weather. The lowest hazard 

level, ‘H1’, has the least exposure to the elements and requires a lower level of protection 

(low outdoor exposure). In contrast, the highest class ‘H6’ requires a much higher level of 

protection, as timber will be heavily exposed to weather and water (e.g. for timber immersed 

in seawater or estuarine ground). Timber used for residential purposes such as cladding, fence 

posts, decking and landscaping is usually classified in hazard class ‘H3’ and ‘H4’ (Standards 

New Zealand, 2003). Most homes built after 1980 with Pinus radiata timber in the subfloors 

are likely to have CCA-treated timber (Marston & Singh, 2013). The historical and ongoing 

use of CCA-treated timber in New Zealand may contribute to the presence of treated timber 

offcuts and so the availability of such materials for burning (Stones-Havas, 2014). 

Despite the clear benefits of CCA treatment for the longevity of timber structures, the active 

ingredients used in CCA can be released over the lifetime of the timber and present a health 

hazard to those exposed. Copper, chromium and arsenic residues may be released into the 

environment during the handling of timber and CCA preservatives in treatment plants 

(Cocker et al., 2006), as sawdust from the sawing of treated timber (Decker et al., 2002), 

leaching from installed structures into surrounding soils (Robinson et al., 2006a; Lebow, 

2014; Gress et al., 2016), during disposal in landfills (Weber et al., 2002; Townsend et al., 

2004; Moghaddam & Mulligan, 2008; Lebow, 2014), from recycled CCA-timber mulch at 

the end of its life (Shibata et al., 2006; Mercer & Frostick, 2012), or from the burning of 

treating timber (Niyobuhungiro & von Blottnitz, 2013; Stones-Havas, 2014).  

2.21 Burning of treated timber 

The burning of treated timber is a behaviour that has not been commonly reported in the 

literature, with the exception of that from informal food vendors in South Africa, who burned 

treated wood for cooking purposes (Niyobuhungiro & von Blottnitz, 2013). In New Zealand, 

burning treated timber offcuts is a banned activity due to the health hazards it presents. 

People sometimes resort to burning it if they do not have a source of untreated timber to use 

as fuel – burning treated timber (if readily available) can help to save on home heating costs 

and can be a convenient way to eliminate any excess, unwanted treated timber from buildings 

(Safa et al., 2020). Additionally, it is often difficult to distinguish treated wood from 
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untreated wood; therefore, people may think it is untreated timber and unknowingly burn it 

(Read, 2003; Jacobi et al., 2007; Government of Canada, 2016). 

In Auckland, wood burning for home heating is relatively common – 17% of home heating in 

2018 was achieved with the use of wood burners (Stats NZ b, n.d.). It is estimated that 17% 

of these homes burn timber offcuts opportunistically, which have a high chance of being 

CCA-treated timber (Stones-Havas, 2014) and contribute to this issue. One study in 

Wainuiomata (lower North Island of New Zealand) interviewed 39 participants who 

primarily used wood burners for home heating (Mitchell, 2015). It was found that free wood 

was readily available to many of the study participants, from sources such as wooden pallets 

from construction and commercial sites, leftover wood from recycled furniture and wood 

from standing or felled trees. Most participants were unable to tell the difference between 

treated and untreated timber, and none knowingly burned treated wood; however, some 

reported smelling a ‘poisonous’ chemical odour from homes they suspected burned treated 

wood. Disposal methods of fireplace ash varied among participants; many kept the ash 

outdoors in a bucket, some disposed of it directly into their gardens, while others allowed it to 

cool and then disposed of it along with their household waste. 

It is expected that the burning of treated timber is more prevalent in Australia and New 

Zealand, given that these countries are the two largest users of CCA-treated timber in the 

world (Read, 2003; Mohajerani et al., 2018). The use of CCA-treated timber for outdoor 

structures has been phased out in places such as the USA (Jambeck et al., 2007; Chen & 

Olsen, 2016), Canada (Parks Canada, 2017), the EU (Commission of the European 

Communities, 2003), the UK (NetRegs, n.d.) and Australia (APVMA, 2005; NSW EPA, 

2018), where it cannot be used in most residential settings and can only be used if it is needed 

for human or animal safety, or where exposure is unlikely. Although the use of CCA-treated 

wood has been restricted in a number of countries, the current global reservoir of CCA-

treated wood can still present both an environmental and health hazard as it becomes a 

potential fuel source after its time in service (Kakitani et al., 2004; Humar et al., 2006; 

Jambeck et al., 2007; Jones et al., 2019). Unlike many other countries, New Zealand has not 

restricted the use of treated timber for residential construction (Read, 2003); therefore, CCA-

treated timber continues to present an avenue of arsenic exposure. The burning of CCA-

treated wood and resultant airborne arsenic emissions may present a greater risk in New 
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Zealand where the residential use of CCA timber continues, and the treated timber reservoir 

grows (Robinson et al., 2006a). The uniqueness of this issue in New Zealand has been found 

in Isley et al.’s (2022a) international study, where New Zealand was the only country with a 

source profile featuring arsenic. 

2.22 Metal partitioning 

When burned, the metals in CCA-treated timber will either volatilise into the air (‘fly ash’) or 

remain in the settled ash (‘residual ash’ or ‘bottom ash’). Studies have found that burning 

CCA-treated wood emits a larger fraction of arsenic into the air (volatilisation) than 

chromium and copper, which tend to remain in the residual ash; emitted arsenic levels also 

increase with temperature and period of combustion (McMahon et al., 1986; Wasson et al., 

2005; Rogers et al., 2007; Niyobuhungiro & von Blottnitz, 2013). Under controlled burning 

of CCA-treated timber, Niyobuhungrio and von Blottnitz (2013) found that a disproportionate 

amount of arsenic was volatilised compared to copper and chromium, considering their ratios 

in the timber. The amount of arsenic volatilised was 22% (of total arsenic from the treated 

timber) at 400°C and 77% at 800-1000°C in McMahon et al.’s study (1986). Wasson et al. 

(2005) found that, when burning CCA-treated timber at 600 - 800°C, 11 - 14% of the 

volatilised fly ash mass was arsenic, while 0.1 - 3.0% was Cr and 0.1 - 1.8% Cu. Of the 

residual ash mass, about 16% remaining was Cr, 9% was Cu and 8% arsenic. This gives 

ratios of about 14: 3: 1.8 and 1: 2: 1 for As:Cr:Cu (for fly ash and bottom ash, respectively). 

Domestic wood-burning stoves and fireplaces reach relatively low temperatures in their 

combustion chambers, on average ranging from 128°C to 179°C for fireplaces, and 248-

307°C for woodstoves (Gonçalves, 2011). Wood-burning stoves tend to achieve higher 

temperatures than open fireplaces, but neither is likely to exceed 450°C for most of the time 

(Alves et al., 2011; Gonçalves, 2011); therefore, arsenic may not volatilise to the extent 

described above and higher quantities may remain in fly ash. It is assumed that in most 

fireplaces, volatilised metals will exit the house through a chimney and create outdoor 

emissions, while residual ash remains in the fireplace. This ash may enter the indoor 

environment when the wood-burning stove is emptied or cleaned or by escaping from the 

furnace through leaks (see Section 2.33 below).  
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This tendency of arsenic to volatilise more than chromium and copper aligns with the 

biomass burning profiles found in New Zealand, with which arsenic has a stronger 

association than Cr or Cu (Ancelet et al., 2012, 2015). Ambient arsenic pollution is most 

likely found from biomass burning activities, while ambient copper mostly originates from 

road dust from vehicle brake wear (Ancelet et al., 2012; Davy & Trompetter, 2018). 

2.3 Household dust metal studies 

The characterisation of household or indoor dust is a method used to indicate personal 

exposure to indoor contaminants and indoor air quality (Rasmussen et al., 2018). Since 

people spend more time indoors than outdoors and have a longer duration of exposure to 

indoor contaminants, it may be that the health risks from indoor dusts exceed those of 

outdoor dusts (Huang et al., 2014). The organic fraction of household dust can consist of 

animal and human skin flakes, hair and microorganisms, generally making up the largest 

component of PM2.5 (Yu et al., 2009). The inorganic fraction of household dust includes 

heavy and trace metal concentrations, surface-elemental and mineralogical materials 

(Mølhave et al., 2000; Li et al., 2019; Gustafsson et al., 2018). 

Table 2.5 shows the metal concentrations of household dust studies conducted around the 

world, with various geographies, potential emission sources and land-use types. Metal 

concentrations in indoor dust have been investigated in houses (Fontúrbel et al., 2011; 

Rasmussen et al., 2013; Torres-Sánchez et al., 2017; Doyi et al., 2019; Ali et al., 2021; Isley 

et al., 2022a), schools (Lu et al., 2014), dormitories (Bao et al., 2019), laboratories (Hejami et 

al., 2020) and offices (Kurt-Karakus, 2012). Fewer studies have examined arsenic 

concentrations. Some indicate clear sources of metals, such as polluting industries and traffic 

(Lu et al., 2014; Cao et al., 2015; Ali et al., 2021), smelters and mining activities (Fontúrbel 

et al., 2011; Torres-Sánchez et al., 2017), and residue from historical mining in the area 

(Rieuwerts et al., 2006; Middleton et al., 2017). Some city- or country-wide urban studies are 

less clear on potential sources and do not have immediately apparent, point-sources of arsenic 

emissions (Doyi et al., 2019; Rasmussen et al., 2013); these reported average concentrations 

of 17.6 mg/kg (mean) and 9.1 mg/kg (median), respectively. None of these studies 

investigated indoor dust arsenic in relation to CCA-treated timber (Table 2.5). The highest 

reported concentration was 486.8 mg/kg (median) in Hunan, China, which was 34.8 times 
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higher than the natural background levels and potentially due to intensive arsenic and 

nonferrous mining in the area (Cao et al., 2015). 

Seasons can also affect indoor metal concentrations; however, their influence can vary 

depending on the geographic location and household practices (Shi & Wang, 2021). Neisi et 

al. (2016) found higher concentrations of metals in household dust during the temperate 

season compared to the warmer and cooler seasons. This was attributed to the opening of 

doors and windows for natural ventilation during the temperate season, allowing outdoor dust 

to infiltrate the building envelope. Generally, few studies in the literature compare arsenic 

levels between seasons; Bao et al. (2019) found higher arsenic concentrations in indoor dust 

during the winter than in summer (2.93 mg/kg and 1.06 mg/kg, respectively) in Lanzhou 

City, China. This was attributed to coal combustion for home heating and favourable 

meteorological conditions (temperature inversions in particular) during winter. In their study, 

other potential sources of indoor arsenic dust included interior paints and cosmetic products. 

Similarly, Yang et al.’s study (2015) in Nanjing, China, found higher concentrations of 

arsenic in indoor suspended PM during winter compared with summer, attributed to home 

heating and Spring Festival firecrackers. 

Table 2.5: Median metal concentrations from household dust studies, locations, and land use 

types. (* = mean value reported) 

Reference Location  Land use type  n  

Median trace metal concentrations in indoor dust (mg/kg) 

(* = mean reported) 

As Cd Cr Cu Mn Ni Pb Zn 

Ali et al, 2021 

Jeddah and  

Al-Qunfudah,  

Saudi Arabia 

Metropolitan, 

rural 
20, 
20 

1.60, 

3.10 
NA NA NA NA NA 

48, 

6.30 
NA 

Bao et al., 2019 * 
Lanzhou City, 

China 

Industrial 

(winter, 

summer) 

136 
2.93, 

1.06 

2.88, 

2.28 

44.2, 

44.7 

58.3, 

51.4 

318, 

312 

30.4, 

28.5 

68.7, 

64.4 

175, 

181 

Cao et al., 2015 Hunan, China Industrial area 18 486.8 6.4 60.1 102.8 835.4 1.1 106.0 285.4 

Cao et al., 2020 Zhehai, China 

Industrial - 

Pb/Zn smelter 

(indoor, 

outdoor) 

100, 

100 
83.8, 

116.8 

65.1, 

62.1 

128.6, 

120.3 

174.5, 

178.9 

1031.5, 

1183.2 
NA 

1690.8, 

1019.8 

2885.2, 

3557.6 

Doyi et al., 2019 * 
Sydney, 

Australia 

Metropolitan 

area 
224 17.6 NA 90 272 220 50.9 299 1876 

Fonturbel et al.,  

2011 * 

Oruro city, 

Bolivia 

Peripheral 

district, 

mining district 

98 
42.5, 

143.4 

6.05, 

16.0 
NA 

77, 

114.3 
NA NA 

221.4, 

1289.8 

252.1, 

583.8 

Isley et al., 2022a 

New Zealand NA 47 39 NA 131 172 293 32 79 1070 

Australia NA 
131

0 
19 NA 86 186 246 36 126 1260 
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Metal dust concentrations have been investigated on an international scale by the global 

citizen science program DustSafe. This project invites citizens to send in samples of their 

household dust for analysis of trace metal concentrations (As, Cd, Cr, Cu, Mn, Ni, Pb, Zn) 

and reports the results back to participants (Doyi et al., 2019; DustSafe, 2019; Isley et al., 

2022a). In addition, DustSafe has an online survey for participants to answer and provide 

information on their location, the number of household occupants, indoor pets, and the 

characteristics of their homes, such as the presence of peeling paint, fuel type used and recent 

renovations. Citizen science methods of dust collection for analysis can be relatively low cost 

and logistically easy to implement. It allows participants to produce samples with relative 

ease from their own homes, which allows for a more extensive outreach and greater number 

UK NA 148 4.5 NA 63.6 97.4 229 25.9 82.1 448 

USA NA 345 10.8 NA 77 305 335 99 40 1380 

Lu et al., 2014 Xi’an, China 
Urban-

industrial 
48 13.5 NA 134.3 69.3 557.7 34.1 145.2 409.2 

Middleton et al., 

2017 

Cornwall, 

England 

Mining 

(Principal, 

mineralised 

domain) 

40, 

59 
54, 104 NA NA NA NA NA NA NA 

Rasmussen et al., 

2013 
Canada Urban 

102

5 
9.1 3.5 99 199 NA 62.3 100 725 

Rieuwerts et al.,  

2006 * 

Cornwall, 

England 

Mining 

(Control area, 

ex-mining 

site) 

9, 

20 
15, 149 NA NA NA NA NA NA NA 

Seifert et al., 2000 Germany NA 
390

0 
2.1 0.9 63 76 108 NA 4 469 

Torres-Sanchez et 

al., 2017 * 
Huelva, Spain 

Mining 

(farther, 

closer) 

56 
10.9, 

30.8 
1.1, 3 

61.6, 

75.2 

565, 

1268 
NA 

53.2, 

55.4 

107, 

186 

729, 

1268 

Chattopadhayay et 

al., 2003 * 
Sydney 

Metropolitan 

area 
82 NA 1.6 64.6 92.6 48.3 14.9 76.1 372 

Cheng et al., 2018 

* 

Chengdu, 

China 

Urban-

industrial 
90 NA 2.4 82.7 161 NA 52.6 123 675 

Kim and 

Fergusson 

Christchurch, 

NZ 
Suburban 120 NA 4.2 NA 165 NA NA 573 8980 

Kurt-Karakus, 

2012 * 

Istanbul, 

Turkey 
NA 39 NA 0.95 89 200 163 282 30 984 

Neisi et al., 2016* Ahvaz, Iran Industrial 108 NA 0.4 13 99 94 9 88 435 

Tong and Lam, 

2000 
Hong Kong 

Urban-

industrial 
151 NA 4.3 NA 310.8 216.2 NA 157.4 1409 

Turner and 

Simmonds, 2006 * 
England 

City centre 

and rural areas 
32 NA 1.1 NA 326 501 53.3 178 665 

Wang et al., 2020a 

* 

Rural Anhui 

Province, 

China 

Rural 282 NA NA 57.2 74.8 736.8 20.1 67.4 363.1 
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of samples; hence a better representation of samples from an area (Taylor et al., 2021; Isley et 

al., 2022b). 

The most recent output of this programme collected 2,265 samples from 35 countries, 

including New Zealand, and analysed the association of these characteristics with metal 

concentrations (Isley et al., 2022a). Their data have been used to determine the health risk of 

metals in household dust and the bioaccessibility of metals in different particle size fractions 

(Doyi et al., 2019, 2020). 

2.31 Relationship Between Dust and Indoor Air Quality 

Indoor contaminants are solid, liquid or gaseous particles which may be airborne or deposited 

onto indoor surfaces (Morawska, 2004). The state of indoor contaminants is constantly in 

flux between suspension in the air and deposition onto surfaces as dust (Schneider, 2008). 

Pollutants may be directly emitted inside the house or emitted outdoors and enter the home 

through infiltration. The extent to which these emissions affect indoor contaminant 

concentrations depends on various factors such as human behaviours and choices around 

home heating, building characteristics, industrialisation and urban development in the area 

and local meteorology (Eštoková et al., 2010). 

The concentration of a compound in an indoor environment (air and dust) depends on 

emission sources, the distribution of contaminants within the indoor environment and the 

transport of pollutants in and out of the environment (Schneider, 2008; Layton & Beamer, 

2009; Shi & Wang, 2021). Building characteristics can result in concentrations that vary 

between the different rooms of a house (Hassan, 2012; Barrio-Parra et al., 2018; Shi & Wang, 

2021), and at different elevations and between different floors of a building (Rashed, 2008; 

Balakrishna et al., 2011; Rintala et al., 2012; Cheng et al., 2018).  

Indoor emissions 

Indoor sources can include indoor smoking (Cheng et al., 2018), using coal (Zhao et al., 

2021), biomass (Wang et al., 2020a) or electricity (Rasmussen et al., 2001) for home heating 

and cooking, the nature of interior and exterior paints (Chattopadhyay et al., 2003; Lucas et 

al., 2014) and even kitchenware (Wang et al., 2020a). Additional building structures such as 

balconies (Tong & Lam, 2000), timber decks (Patch et al., 2009) and outdoor staircases 

(Gress et al., 2014) can also be sources of metals or act as repositories for outdoor airborne 
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dusts. Additionally, older houses may be ‘dustier’ as they tend to deteriorate faster, producing 

particles which settle as dust (Khoder et al., 2010; Hassan, 2012; Rasmussen et al., 2013). 

Infiltration of outdoor emissions 

Outdoor airborne dust (PM) concentrations depend on the local meteorology and topography 

(Wallace et al., 2010; Fiddes et al., 2016). Particles may enter the indoor environment 

through several pathways, including mechanical ventilation, natural ventilation and 

infiltration (Leung, 2015). Mechanical ventilation is when air is actively drawn into a 

building using a fan or air conditioning system. Natural ventilation is the passive flow of air 

in and out of a building, through openings such as doors and windows; as a result, this 

pathway may be more prominent in the summer or temperate seasons when windows tend to 

be open, and the available duration for natural ventilation of a building tends to be longer 

(Neisi et al., 2016; Zhao et al., 2021). Infiltration, as with natural ventilation, is the non-

mechanised movement of air in/out of a building but occurs unintentionally through cracks 

and gaps in the building’s structure (Leung, 2015).  

The infiltration of outdoor emissions and their influence on the indoor environment relative 

to indoor emissions depends on the airtightness of a building, which is influenced by the age 

of the building, as well as climatic conditions and seasons. The indoor environment has 

evolved over time as new buildings have generally become more airtight with added air 

conditioning and heating units (Butte, 2004). Wallis et al. (2019) compared PM 

concentrations between a control house and a test house of greater air tightness; they found 

that indoor PM concentrations (PM1, PM2.5 and PM10) were 15% greater in the control house, 

suggesting significant infiltration of particles in the less airtight house and potential 

accumulation of particles over time. When air conditioning, mechanical ventilation or heating 

is used during warmer or colder seasons, the windows and doors of a building tend to be 

closed to optimise energy use. Therefore, there tends to be less natural ventilation of air from 

the outdoors entering the indoors which can influence the contribution of indoor and outdoor 

emissions (Yu et al., 2009).  

Resuspension and deposition of particles 

Once indoors, airborne particles can settle and deposit onto surfaces or floors as ‘dust’. 

Settled particles may later be resuspended and become airborne, whereby they are detached 
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from a surface and suspended into the air, thus elevating airborne concentrations (Qian et al., 

2014). Resuspension can present a significant source of PM2.5 and PM10 in indoor air and 

one’s personal breathing zone, increasing exposure to previously settled particles (Rasmussen 

et al., 2018).  

2.32 Arsenic in Dust 

Airborne outdoor metal dusts, including arsenic, can be deposited onto streets and soils and 

washed by precipitation into surface waters, creating various potential avenues of exposure.  

While indoor dust studies have been conducted extensively on a range of contaminants, there 

have been fewer including and focussing specifically on arsenic. Studies carried out globally 

have found indoor concentrations of arsenic to be higher in heavily industrial areas (Cao et 

al., 2015; Torres-Sánchez et al., 2017) and in mining or ex-mining districts (Fontúrbel et al., 

2011; Middleton et al., 2017) than in control areas. Other studies have found no spatial 

relationship between indoor arsenic levels and proximity to urban industrial zones 

(Rasmussen et al., 2013) or the CBD (Doyi et al., 2019). Cao et al. (2020) found that indoor 

dust arsenic levels correlate well with outdoor dust arsenic, indicating similar sources for the 

two. The reasons suggested were the track-in of soils, the infiltration of outdoor dust and 

home renovations.  

While greater concentrations of arsenic have been found in urban homes than in rural ones 

(Liu et al., 2016), many studies have concluded that urban indoor arsenic levels are below the 

acceptable minimum to be considered a health risk (Lu et al., 2014; Liu et al., 2016; Doyi et 

al., 2019). One exception was in 1984 when extremely high levels of arsenic were found in 

one rural Wisconsin household due to excessive burning of CCA-treated timber (Peters et al., 

1984).  

From the diverse findings in the literature, it is clear that metal concentrations in indoor dust 

have varied origins, methods of entering and dispersing throughout the indoor environment, 

and methods of removal. These factors further depend on building types, human behaviours, 

geography, and the climate of a region.  

Even though urban arsenic is generally found at low and ‘acceptable’ levels, exposure to 

arsenic may still contribute significantly to one’s overall arsenic and heavy metal dosage 

(Barrio-Parra et al., 2018). Rasmussen et al. (2018) found that arsenic had a moderate, 
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significant correlation between levels in settled household dust and PM10 in one’s personal 

breathing zone, suggesting that indoor dusts can contribute to personal exposures to arsenic 

via the inhalation avenue. They concluded that indoor dust could be used to “provide a 

minimum estimate of personal and indoor inhalation exposures”. Additionally, New Zealand 

is one of the world’s largest consumers of CCA-treated wood (Read, 2003), which may result 

in higher environmental arsenic levels than in countries that use less treated wood and have a 

lower prevalence of wood burners; further increasing New Zealanders’ chances of exposure 

to arsenic.  

This is reflected in the DustSafe analyses of Auckland homes, where the median arsenic 

concentration of 47 New Zealand homes was found to be 39 mg/kg (Isley et al., 2022a). New 

Zealand had the highest median concentration of 11 countries, followed by Australia (19 

mg/kg). As there are no international guidelines for metals in indoor dust, comparisons are 

often made with soil guidelines (Hejami et al., 2020; Shi & Wang, 2021); in New Zealand, 

these are the Soil Contaminant Guidelines, which are mandatory concentrations (which must 

be met by polluting activities) set out to protect human health (Table 2.1). Exceedances of the 

soil guidelines may result in more than minor effects on human health (MfE, 2011, 2012). 

New Zealand’s median arsenic concentration exceeded the SCS of 24 mg/kg for a standard 

residential home (see Appendix 2.4) and the natural soil levels in Auckland (4.4 mg/kg) (MfE 

and Statistics New Zealand, 2014). 

In the context of New Zealand and the prevalence of CCA-treated wood, ambient arsenic is 

likely to come from particulate emissions from burning CCA-treated wood. This thesis aims 

to investigate indoor arsenic levels and its relationship to the emissions of burning CCA-

treated wood. Figure 2.4 shows the potential main sources of arsenic in household dust, as 

found in the literature. 
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Figure 2.4: Potential sources of arsenic in indoor dust: arsenic may enter from the air 

(household wood burning and infiltration of ambient wood smoke) and tracked-in residues 

(from soils, streets and treated timber structures such as playgrounds, decks, and staircases). 

Orange arrows show movement of contaminants indoors. Green arrow shows deposition of 

airborne arsenic onto outdoor soils and streets 

2.33 Source 1: Indoor arsenic sources 

2.33-1 Household wood burning 

Indoor dust arsenic may originate from solid fuel burning for home heating. As discussed in 

Section 2.22, burning CCA-treated timber releases arsenic, which tends to volatilise into the 

air as PM. Once airborne, the arsenic may exit the house and enter outdoor air or enter the 

house due to leaks in the wood stove during refuelling. Settled arsenic remaining in residual 

ash may enter the household when homeowners clean out wood stoves. Since there is a lack 

of research on wood burner use and the resulting indoor and outdoor arsenic levels, the 

following studies look at the relationship between wood burning and PM concentrations. It is 

assumed that arsenic forms part of this airborne PM when CCA-treated wood is burned. 

In the literature, the relationships between wood burning behaviours, indoor PM 

concentrations and personal exposure are varied. This can result from differences in wood 

burner use (such as characteristics of wood burned and efficiency of wood burners), resident 
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behaviours (opening doors and windows, ‘leakiness’ of building) or building dimensions (de 

Gennaro et al., 2015; Ward et al., 2017; Chakraborty et al., 2020).  

The use of a woodburning stove is likely to result in emission levels greatest within the 

woodburning home and exceeding contributions from ambient air (Longley & Gadd, 2011), 

as airborne PM is released from the stove into the building; this can result in higher personal 

exposure to PM (Siponen et al., 2019) and thus the metals that comprise it. Vicente et al. 

(2020) found that using a fireplace resulted in average indoor PM10 levels 12 times higher 

than indoor background levels, while using an airtight woodstove gave average PM10 levels, 

which were only two times higher. For either wood burner type, PM10 levels were found to be 

greater indoors than outdoors. This suggests that the contribution of wood burners to indoor 

and outdoor PM levels can vary, depending on the efficiency and airtightness of the burner. 

PM levels peaked when the stove was being ignited or refuelled – an outcome also found in 

Castro et al.’s (2018) study.  

Another American study (Semmens et al., 2015) found in-home biomass burning to be an 

important contributor to indoor PM levels; this may have been due to woodsmoke escaping 

from the wood burner or infiltration of outdoor emissions. Higher indoor PM levels were also 

linked to the opening of the room’s windows and doors. However this could have been due to 

the infiltration of outdoor emissions or simply residents opening windows during peak 

concentrations to reduce the levels of indoor woodsmoke. Chakraborty et al. (2020) found 

that PM concentrations could increase by 250-400% when participants opened the wood 

burner door for refuelling. Longley & Gadd (2011), Salthammer et al. (2014), and de 

Gennaro et al. (2015) also observed peaks in particulate concentrations when burner doors 

were opened for refuelling; all taking real-time or hourly measurements of PM. Both 

Chakraborty and Salthammer noted that it was unlikely for woodsmoke emissions to leak 

from closed burners. On the other hand, Allen et al. (2009) reported that while woodsmoke 

was a major contributor to outdoor PM2.5 levels, it was not for indoor PM2.5. Non-woodsmoke 

sources contributed to approximately 65% of indoor PM2.5 levels, which may have come from 

cooking emissions or burning candles.  

Frasca et al. (2018) found that cleaning out a pellet stove using a vacuum cleaner 

considerably increased the average 48-h indoor airborne PM concentrations, while the 

manual cleaning of a fireplace (with a shovel) only had a minor effect. This is likely due to 
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the small number of particles suspended by vacuum cleaning, while shovelling produced 

particles of larger sizes. It may be that the most significant source of wood-burning arsenic is 

from residual ash and enters the home when homeowners clean out the ash – in this case, it is 

expected that the highest concentrations are those in homes with fireplaces. 

Coal burning is another source of arsenic (Liu et al., 2002; Wang et al., 2018; Mainka & 

Fantke, 2022), but is relatively uncommon in New Zealand and only accounts for 

approximately 0.3% of home heating in Auckland (Stats NZ b, n.d.).  

2.33-2 Non-wood burning indoor sources 

Other potential indoor sources of arsenic (unrelated to wood burning) reported include 

household pets, house age and home renovations.   

Some veterinary medicines have used arsenic compounds to treat certain diseases in livestock 

animals and household pets (Tchounwou et al., 2012). In the USA, the use of such drugs on 

livestock animals ceased in 2015 due to increased levels of inorganic arsenic being found in 

treated animals (U.S. FDA, 2022). In New Zealand, such livestock medicines have largely 

been phased out (New Zealand Food Safety, 2020), making it an unlikely modern source of 

arsenic. 

Tobacco and its smoke also contain arsenic, however, its contribution to one’s arsenic 

exposure is likely to be modest compared to other environmental sources (Cocker et al., 

2006; Huang et al., 2014). Other indoor sources of metals include burning incense which can 

release aluminium, iron (See & Balasubramanian, 2011) and Pb (Hung et al., 2021), or 

mosquito coils which can release Pb (Roy et al., 2009); however, these have not been 

reported to release arsenic.  

House age and renovation have been found to be positively correlated with household arsenic 

levels, which may be related to the ageing and use of arsenic-containing building materials – 

such as treated timber. Isley et al. (2022a) found that, globally, arsenic levels in indoor dust 

increased by an average of 0.48 mg/kg with each yearly increase in house age (R = 0.59, p < 

0.0001). Dewalt et al. (2015) also reported household dust arsenic levels across the U.S. to be 

positively correlated with house age. As older and weathered treated timber can have higher 

levels of dislodgeable arsenic, which is easily removed from the surface of the timber (Gress 

et al., 2014), it may result in the release of arsenic into buildings (Naylor et al., 2020), 
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surrounding water and soils (Townsend et al., 2003); hence increase surrounding dust arsenic 

concentrations. Isley et al. (2022a) also reported that arsenic levels were 19% higher in 

recently renovated homes than in homes which were not renovated. This may be associated 

with the use and preparation of building materials for home renovations, such as treated 

timber, which can result in the release of arsenic (Decker et al., 2002; Naylor et al., 2020). 

2.34 Source 2: Outdoor airborne arsenic 

The second avenue of indoor arsenic is from ambient arsenic levels, which, in New Zealand, 

are most likely influenced by the burning of CCA-treated timber (Cavanagh et al., 2009). 

Outdoor emissions can infiltrate the building through open doors, windows and ‘leaks’ in the 

building envelope, and influence indoor concentrations of pollutants. Additionally, 

ventilation can result in outdoor PM being brought indoors, particularly natural ventilation, 

which does not filter or remove particles. This was shown in Galbally et al.’s study (2009), 

where participants could smell woodsmoke inside their home, despite not having a wood 

burner of their own. Siponen et al. (2019) also found that central outdoor PM2.5 

concentrations were well correlated with indoor personal PM2.5 levels (rs = 0.80). In the 

context of this study, if CCA-treated timber is burned and arsenic is released into outdoor air, 

it is hypothesised that the arsenic found in outdoor PM is correlated with indoor PM levels in 

the same way. 

During the winter, homes tend to be more tightly sealed and have poorer ventilation 

compared to the summer, as windows and doors are more likely to be kept closed to conserve 

heat. This can prevent pollution from entering homes via natural ventilation, but on the other 

hand, it may compound a person’s exposure to indoor pollutants that have entered or been 

produced within the building (Hassan, 2012; Rasmussen et al., 2013; Lawrence & Khan, 

2018).    

Non-woodburning sources of outdoor arsenic are traffic and industrial activities, which can 

be major contributors to arsenic in soil and indoor dust in more heavily industrialised cities. 

Emissions can arise from mining and industrial activities (Fontúrbel et al., 2011; Argyraki, 

2014; Neisi et al., 2016; Torres-Sánchez et al., 2017; Li et al., 2020), traffic and automobiles 

(Tong & Lam, 2000; Chattopadhyay et al., 2003; Hassan, 2012), street dust (Fergusson et al., 

1986; Rashed, 2008; Miah et al., 2019) and residential soil which is tracked-in (Kurt-

Karakus, 2012; Middleton et al., 2017; Zhao et al., 2021). Asphalt production can also 
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generate arsenic during fuel combustion processes, mixing of aggregates and drying the 

asphalt (US EPA, 1998); therefore, it may impact indoor arsenic concentrations in this study.  

2.35 Source 3: Track-in of arsenic 

Outdoor particles from soils (Hunt et al., 2006) and street dust (Tong & Lam, 2000) which 

contain arsenic can enter a house via ‘track-in’, whereby occupants and pets physically carry 

them in on clothing, shoes and fur (Curwin et al., 2005; Obendorf et al., 2006; Rieuwerts et 

al., 2006; Middleton et al., 2017; Bennett et al., 2019; Leppänen et al., 2020). Fontúrbel et 

al.’s study (2011) in a Bolivian mining district found that indoor metal levels were 

significantly increased by having at least one resident working in the mines and carrying their 

workwear home. Barrio-Parra et al. (2018) found the highest metal concentrations in the 

entry rooms of 15 apartments, suggesting an outdoor metal source that occupants track in. 

They also estimated that the entry of outdoor metals via track-in was larger than through 

natural ventilation (via open windows). Yoshinaga et al.’s  (2014) study in Japan, where 

shoes are usually removed at the door, found that indoor Pb levels likely came from toys and 

jewellery made from plastics and cheap metals rather than outdoor soils (as seen in other 

studies such as in Canada). As such, indoor Pb levels were lower (mean vale of 57.9 mg/kg) 

than those observed in Western countries such as Canada, Australia, and the U.K, where 

shoes are less frequently removed indoors (233 mg/kg, 85.2 mg/kg and 150 mg/kg, 

respectively). This suggests that the contribution of outdoor contaminants via track-in can be 

reduced by removing shoes at the door.  

Track-in of soils and street dust 

In the literature, the relationship between indoor arsenic and geogenic arsenic sources varies. 

Cao et al. (2015) found indoor arsenic levels to be negatively correlated with outdoor soil 

concentrations; therefore, arsenic levels may have had a larger contribution from arsenic 

deposition. Rieuwerts et al. (2006) did not observe a relationship between garden soil and 

indoor arsenic levels in Cornwall. Both studies were conducted in industrial and mining 

regions. On the other hand, Rasmussen et al.’s (2013) Canada-wide study found that the 

natural geochemical background levels of arsenic represented the majority of indoor arsenic, 

suggesting that outdoor sources of arsenic were more dominant than indoor sources on a 

larger scale. Similarly, in New Zealand, Trompetter et al. (2018) found that soil likely 
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accounted for about 50% of PM10 of the indoor PM10 mass, while a mixed combustion source 

(from vehicles and wood combustion) accounted for 20%. 

Arsenic can also be generated by the wear of vehicle brakes and tyres (U.S. EPA, 1998; von 

Uexküll et al., 2005; Kummer et al., 2009; Luilo et al., 2014), therefore exist as road or street 

dust. Street dust may be tracked in on footwear and thus become a source of indoor dust 

(Tong & Lam, 2000; Khoder et al., 2010).  

Track-in from treated timber structures 

Direct physical contact with treated timber can result in exposure to CCA residues, as it 

dislodges from the timber to the skin (Kwon et al., 2004; Zartarian et al., 2006); particularly 

if the timber is exposed to wind and rain, which encourages the leaching of CCA residues 

(Townsend et al., 2003; Taylor & Cooper, 2005; Robinson et al., 2006a; Lebow, 2014). As 

such, walking on treated timber structures (particularly weather timber which is visibly 

cracked, chipped or degraded) may remove arsenic residues (Stilwell et al., 2003) and deposit 

them onto shoe soles (Gress et al., 2014). This may then be carried indoors on footwear 

(Patch et al., 2009). Sigmon and Patch (2010) found deck arsenic concentrations to be 

significantly and strongly correlated with arsenic concentrations indoors in most samples (p = 

0.013, rp =  0.99 for the middle of the room), and a maximum of 8.62 ug/cm2 was transferred 

from the deck to carpet in Patch et al.’s (2009) study. More research is needed in this area, as 

some of these are pilot studies (Patch et al., 2009; Sigmon & Patch, 2010), and it is unclear if 

this avenue of track-in results in a significant increase in indoor arsenic levels. 

2.36 Indicators of arsenic and woodsmoke 

From the literature review above, it is assumed that if CCA-treated timber is burned, its 

emissions will be greatest in areas with higher wood burner density and during the winter for 

domestic home heating. Additionally, the woodsmoke in these ‘hotspot’ areas is likely to be 

identified by smell (Loeppky et al., 2013; Dirks et al., 2020), thus linking smell, woodsmoke 

emissions and arsenic levels in regions of CCA-wood burning. 
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2.4 Methods of Dust analysis 

2.41 Sample collection 

Indoor dust is generally measured in two ways – dust loading and dust concentration. Dust 

loading (μg/m2) measures the mass of dust collected over a certain area and is a better 

representation of one’s exposure to dust. From this, a dust loading rate (μg/m2/day) may also 

be calculated, considering the time allowed for dust to accumulate (Glorennec et al., 2020). 

This requires more information to be collected with a specific method, such as vacuuming a 

specific area for a set amount of time, and requires participants to refrain from cleaning for a 

certain period before sampling (Rasmussen et al., 2011; Wheeler et al., 2011; Lucas et al., 

2014); therefore trained technicians are needed to collect this sort of data. Dust loading tends 

to depend on the ‘dustiness’ and dust mass of a house, and so is affected by factors such as 

the age of the house, proximity to streets and industrial areas, and indoor smoking levels 

(Khoder et al., 2010; Rasmussen et al., 2013). In contrast, dust concentration (mg/kg) gives 

the mass of a certain contaminant per mass of dust collected and is used to identify the 

presence of specific contaminants and their potential sources (Rasmussen et al., 2013; 

Glorennec et al., 2020). Its limitation is that it cannot be used on its own to estimate dust 

intake or bioaccessibility to the metals in a household (Turner & Simmonds, 2006; Glorennec 

et al., 2020). However, since this parameter does not consider area or time, it requires a more 

straightforward dust collection process that citizens can implement more easily. It is more 

appropriate for a citizen science project such as DustSafe – for example, collecting samples 

from a vacuum cleaner after cleaning a certain indoor area, which does not require the 

specification of area and time of cleaning. This method of using bulk dust from domestic 

vacuum cleaners has been used for dust studies in Australia (Chattopadhyay et al., 2003; 

Doyi et al., 2019; Isley et al., 2022a), Arizona, USA (Hysong et al., 2003) and Cornwall, 

England (Middleton et al., 2017). 

Procedures used to sample dust are quite variable and include the use of brushes (Fontúrbel et 

al., 2011; Lu et al., 2014; Cao et al., 2015; Liu et al., 2016), gloves (Torres-Sánchez et al., 

2017), wipes (Glorennec et al., 2012; Lucas et al., 2014; Barrio-Parra et al., 2018), glass 

dishes or beakers (Seifert et al., 2000; Khoder et al., 2010) and vacuum cleaners (Rasmussen 

et al., 2001; Turner & Simmonds, 2006; Ali et al., 2012; Hassan, 2012; Coakley et al., 2013; 

Gustafsson et al., 2018). Vacuum cleaner methods are low cost, easy and quick and generally 
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used by homeowners; however, the dust associated with finer particle size fractions may not 

be captured by this method and may differ between vacuum cleaner brands (Gustafsson et al., 

2018). 

2.42 Sample preparation 

Following dust collection, samples are usually air-dried and then passed through a sieve or 

mesh of a certain size to retain the desired size fraction of particles (Rasmussen et al., 2013; 

Middleton et al., 2017; Doyi et al., 2019). The size fraction of particles desired depends on 

the metal of interest and the objective of the study. Smaller fractions have a higher surface 

area which makes them more bioavailable; additionally, the smaller size fraction has a greater 

tendency to remain airborne, thus more easily inhaled and ingested (Doyi et al., 2020). 

Particles in this size range are more relevant for health risk assessments and investigating 

children’s exposure to metal concentrations, as they more easily adhere to hands (Beamer et 

al., 2012). Particles released from biomass burning also tend to be part of finer fractions 

(Frasca et al., 2018), as does arsenic within airborne PM (Xie et al., 2019). The coarse size 

fraction of PM tends to originate from soil sources, sea salt, and abrasive and mechanical 

sources (Frasca et al., 2018), and tends to resuspend and settle rather than remain airborne 

(Schneider, 2008; Rintala et al., 2012). 

After drying, sieving and removing debris, previous studies have analysed household dust 

using inductively coupled plasma mass spectrometry (ICP-MS) (Rasmussen et al., 2001; 

Wheeler et al., 2011; Cao et al., 2015; Gustafsson et al., 2018), atomic absorption/emission 

spectrophotometry (Turner & Simmonds, 2006; Fontúrbel et al., 2011; Hassan, 2012; Liu et 

al., 2016; Torres-Sánchez et al., 2017; Barrio-Parra et al., 2018), and X-ray fluorescence (Lu 

et al., 2014; Lucas et al., 2014). Dust studies using portable X-Ray fluorescence (pXRF) are 

limited (Doyi et al., 2019; Isley et al., 2022a). This may be due to the technique’s level of 

detection being less sensitive than with traditional methods (e.g. ICP); however, studies have 

found that it strongly and adequately correlates with measurements using ICP methods 

(Harper et al., 2002; Weindorf et al., 2014) and was also sufficiently sensitive for heavier 

elements (Davy & Trompetter, 2018). 

The distribution of metal and other contaminants may vary for different particle size fractions 

of household dust. For example, Lanzerstorfer (2017) found that for many elements, the 
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highest concentrations were in the finest fraction of household dust sieved (equivalent to 

PM2.5 or 2.5μm). This enrichment in the fine fraction may have implications on one’s 

exposure to, and uptake of, contaminants from the inhalation and ingestion pathways. More 

specifically, arsenic’s bioaccessibility has been found to increase with decreases in the size 

fraction of soil particles (Smith et al., 2009b). In Doyi et al. (2019)’s study, arsenic, Cu, Ni, 

Pb and Zn were found to have the highest concentrations in the 90 – 150 μm size fraction. 

However, sieving to such fine fractions is not always feasible if dust sample sizes are already 

limited (Rasmussen et al., 2008, 2013), as the final sample size may not be sufficiently large 

for analysis. 

2.43 Portable X-ray Fluorescence (pXRF) 

pXRF spectroscopy allows for rapid, simultaneous measurements of elemental concentrations 

in soils and dust. Compared to more highly accurate laboratory analyses, pXRF is relatively 

inexpensive and quick. It does not require chemical pre-treatment, which is time-consuming 

and destroys the samples (Weindorf et al., 2014; Wan et al., 2019). The compact design of 

handheld XRF spectrophotometers and their relatively low cost allows them to be transported 

into the field to give real-time analyses. pXRF performed in the lab rather than in the field 

has generally given more accurate results, as it allows the samples to be dried and sieved 

before measurement; this gives more homogeneous samples than analyses performed in the 

field, which can be affected by moisture and diverse particle sizes (Wan et al., 2019). These 

characteristics make pXRF preferable for analyses of large-scale areas (Waikato Regional 

Council, 2016; Wan et al., 2019).  

While pXRF affords many advantages, it has lower accuracy and higher limits of detection 

(LOD) than traditional analytical methods (Weindorf et al., 2014). However, the LOD values 

of arsenic, Cr, Cu and Pb with pXRF are generally higher than the corresponding soil 

contaminant standard (SCS) values, making it a suitable method for analysis of these metals 

in soil. The heavy metal analyses in this project are not likely to be significantly affected by 

the detection limits (see Table 2.1), as their concentrations in indoor dust tend to be 

significantly higher than the LOD (Waikato Regional Council, 2016). Studies have found that 

the accuracy of pXRF analysis is comparable that of other laboratory methods such as arc 

emission spectroscopy (Wan et al., 2019), inductively coupled plasma emission analysis 
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(Harper et al., 2002) and atomic absorption spectroscopy (Radu & Diamond, 2009), which 

are often used in soil and household dust studies. 

2.44 Multivariate Receptor Modelling 

Receptor models are mathematical models which can be used to identify sources of pollution. 

This type of model is receptor-oriented, which means that it uses the concentrations of 

multiple variables measured at a site and does not require knowledge about factors such as 

the source composition, dispersion and emission rates of pollutants. The variation and 

correlation between the measured variables (pollutants) is used to identify the potential 

common sources or ‘factors’ of pollutants and their contribution to each factor. However, 

some prior knowledge of the chemical profiles of specific sources is needed to interpret and 

assign factors to sources (Brown & Hafner, 2005; Pant & Harrison, 2012). Limitations of 

multivariate models are that they require large amounts of data, sources should be 

independent and not vary over time (which may not be true), and sources may be difficult to 

differentiate if they are very similar (Brown & Hafner, 2005).  

Principal Component Analysis (PCA) is a multivariate receptor model which can be used to 

identify sources of pollutants. Analysis by this method involves examining the variation 

within a dataset and using this information to identify a few ‘Principal Components’ (PC). 

These are variables that explain and retain a certain amount of variance in the dataset (a 

measurement given by the ‘eigenvalue’) (Kassambara, 2017; Isley et al., 2022a). PC which 

account for the majority of the variance in the data may be interpreted as potential emission 

sources (Zitko, 1994). PCA has been commonly used as a multivariate model in household 

dust studies for identifying potential metal sources such as urban soils (high Mn loadings) 

and building materials (high Zn and Cu loadings) in Canada (Dingle et al., 2021); traffic 

sources and latex paint additives (Pb and Cu loadings) and natural sources (Cr) in China 

(Cheng et al., 2018); smoking (Ni), vehicle emissions (Zn, As), road dust (Zn and Cu), metal 

erosion (Cr), soil (Ni) and other vehicle emissions (Pb) in Greece (Stamatelopoulou et al., 

2021); building characteristics such as house age, material, and carpet characteristics (Cd, Cu, 

and Zn) and lead-based paints (Pb) in New Zealand (Kim & Fergusson, 1993), industrial 

activity (Cd, As, Cu) and soil resuspension (Cr, Zn) in Spain (Torres-Sánchez et al., 2017); 

industrial activity (Pb, Zn, Cd, As) in China (Cao et al., 2020). 
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Positive Matrix Factorisation (PMF) is another multivariate receptor model used to 

investigate patterns in environmental data (Brown et al., 2015) and has been widely used in 

the literature to investigate the contributions of metals to specific sources of pollution. PMF 

analysis can provide information on the source compositions (of pollutants, such as metals) 

and source contributions to overall pollution (metals) in an area. In this way, PMF differs to 

PCA which does not quantify source contributions (Chavent et al., 2008; Li et al., 2021). The 

PMF model works so that samples cannot have negative contributions to factors, which also 

differs to PCA. Negative factor loading in PCA can affect the interpretation of its output, as a 

negative contribution does not reflect reality. As such, PMF is a more powerful model than 

PCA (Comero et al., 2009); however, the two have been used in tandem for pollutant source 

identification and apportionment in pollutant studies (Chavent et al., 2008; Boamponsem et 

al., 2017; Isley et al., 2022a). PMF has been used to identify metal sources in soil (Guan et 

al., 2018; Jiang et al., 2020), road dust (Faisal et al., 2021), and household dust (Isley et al., 

2022a). In air quality studies, biomass burning profiles from PMF analyses had the largest 

contributions from arsenic, suggesting the burning of CCA-treated wood in various regions of 

New Zealand. This was found in Masterton (Ancelet et al., 2012), Nelson (Ancelet et al., 

2015), and Hastings (Wilton et al., 2009). Similarly, PMF analyses of lichen (Boamponsem et 

al., 2017), household dust (Isley et al., 2022a) and air (Davy et al., 2017) in Auckland heavily 

featured arsenic in their biomass burning profiles. 

 

2.5 Summary 

The prevalence of CCA-treated timber in urban and rural structures is relatively high in New 

Zealand, where its use is less restricted than in many other countries (Read, 2003; Scott, 

2013). Its historical and ongoing use contributes to its presence in the environment; as a 

result, arsenic may enter the environment by leaching into soils and waterways or be tracked 

into new environments by humans and animals (Townsend et al., 2003; Robinson et al., 2004; 

Patch et al., 2009). The burning of CCA-treated timber is also a behaviour which is not 

uncommon in New Zealand and provides a pathway for arsenic to volatilise into the air 

(directly through PM emissions) or soils (indirectly, when occupants clean out their wood 

stoves) (Mitchell, 2015). Arsenic can also come from sources unrelated to CCA-treated 
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timber such as industrial activity, mining, traffic and natural soils and waters (Robinson et al., 

2004; Cao et al., 2015; Masuda, 2018; Stamatelopoulou et al., 2021). 

In New Zealand, arsenic levels in ambient air have been monitored and found to exceed 

guideline values for health (Wilton et al., 2009; Ancelet et al., 2012). To a much lesser extent, 

it has been monitored in the indoor environment – in airborne PM emissions and household 

dust (Fergusson et al., 1986; Kim & Fergusson, 1993; Mitchell, 2015; Isley et al., 2022a). 

Indoor arsenic is an issue that needs to be further investigated, considering that high levels of 

arsenic found in New Zealand environments and because modern populations now spend 

much of their time indoors. Indoor arsenic concentrations have been investigated by Isley et 

al. (2022a). However, this study aims to further investigate indoor arsenic by looking at 

arsenic concentrations in relation to wood-burning and non-wood-burning factors, the spatial 

patterns and seasonal differences and exploring the relationship between indoor arsenic and 

wood burning. 

To address this issue, this study measures indoor arsenic concentrations using indoor dust – a 

method which is relatively easy to use, thus allowing for the widespread determination of 

arsenic levels across a region (through citizen science). The levels of indoor arsenic and other 

metals are analysed in conjunction with other household and occupant characteristics – this is 

to investigate the relationships between arsenic and factors related to wood-burning (such as 

season, region, and wood burner density). Based on these findings, the main sources of 

indoor arsenic and metals will be inferred by investigating the correlation between the metals, 

and PCA and PMF multivariate analyses. 

This issue was investigated in Auckland, as arsenic has been studied in this city relatively 

recently in air, beard hair and soil, thus allowing for a point of comparison. High 

concentrations in ambient air have been measured and likely indicate the burning of treated 

timber nearby (Talbot et al., 2020; Davy & Trompetter, 2021). Additionally, Auckland’s 

large population allowed for a larger potential pool of participants and so a greater sample 

size. This was a major advantage during the lockdowns over the last two years and allowed 

for sufficient samples to be collected from participants despite disruptions. 
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3.0 Methodology 

3.1 Study area 

3.11 Climate 

The Auckland region lies between the Tasman Sea (to the west) and the Pacific Ocean (to the 

east), extending to the town of Wellsford in the North and Pukekohe in the South (Auckland 

Council, 2016). Auckland’s climate is typically mild, warm and wet all year, with few 

extremes. Winter takes place from June – August, and summer from December – January. 

From 2020 – 2022, Auckland’s average temperature was 15.1°C. On average, the mean 

winter temperature was 11.4°C , while the mean summer temperature was 18.9°C  (calculated 

from Mauku air temperatures, 2020-2022 (Auckland Council, n.d.)). Windflow over 

Auckland comes predominantly from the Southwest, particularly during the winter (Chappell, 

2013). 

3.12 Population, Housing and Heating 

Auckland, New Zealand’s most populous city, is home to about 1.72 million people – a third 

of the national population (Statistics NZ a). In 2018, Auckland homes were most commonly 

heated using electric heaters (53.1% of Auckland homes), heat pumps (34.5%) and wood 

burners (17%). Wood burner use in Auckland is relatively common - of solid fuel burners, 

wood burners were the most popular (17%), followed by pellet fires (0.4%) and coal burners 

(0.3%) (Statistics NZ a). As such, domestic heating using solid fuel burning is a large 

contributor to Auckland’s PM emissions, and to the number of exceedances of ambient air 

quality standards each year (Talbot & Crimmins, 2020). 

More than 60% of New Zealand houses with open fires were built more than 40 years ago, 

while the majority of houses with wood burners (43%) are 21 - 40 years old (Wilton, 2005). 

The prevalence of  Auckland houses using open fires decreased from 2007 to 2012 (24% and 

17%, respectively), while homes with enclosed wood burners increased from 2007 to 2012 

(72% and 77%) (Stones-Havas, 2014). This is because, as of September 2005, all new wood 

burners installed on properties less of than two hectares in size were required to meet new 

wood burner standards (have a thermal efficiency of 65% or more and a particle emission rate 

of less than 1.5 g/kg) (MfE, 2011, p95). Therefore, newer housing stock is far more likely to 

have more efficient wood burners, or fewer wood burners, such as in East Auckland (Stones-
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Havas, 2014; East Auckland Tourism, n.d.), and so fewer woodsmoke emissions (see Section 

4.2 for further discussion). 

3.13 Air quality  

Throughout the year, the primary sources of Auckland’s airborne PM are motor vehicle 

emissions; however, in winter, domestic heating becomes the largest source due to wood 

burning in residential areas such as Takapuna, Henderson and Penrose (Xie et al., 2019). 

Emissions rates from industry are relatively small in Auckland compared to other emission 

sources (Davy et al., 2017). Between 2001 - 2016, PM2.5 and PM10 concentrations decreased 

by 22.4% and 18.7%, respectively, with this decrease largely attributed to decreases in solid 

fuel burning for home heating. PM10 levels have generally met the WHO air quality guideline 

of 10 ug/m3 (Xie et al., 2019). 

 

3.2 Experimental Design 

3.21 Data collected 

Household dust samples were collected from voluntary participants across Auckland, who 

personally collected and sent in their samples. These were analysed for heavy and trace metal 

concentrations. Participants were also asked to answer a questionnaire about their household 

characteristics on the online DustSafe interface (Appendix 3.9). This study gave an additional 

questionnaire about the prevalence of wood smoke and wood burners in their area (Appendix 

4.0). The data were collected to investigate the relationship between woodsmoke, wood 

burners and the arsenic concentrations in household dust.  

From the questionnaire and online survey data, the following information was obtained from 

each participant and their home: presence of a fireplace in the house, type of fuel burned in 

the fireplace, whether woodsmoke could be smelled in the wintertime, presence of smokers, 

presence of a garden, whether materials were openly burned on the lot, presence of peeling 

paint (interior and exterior), indoor burning of incense and candles, frequency of shoes worn 

indoors, presence of indoor pets, age of the house and whether any home renovations recently 

took place. Ethics approval was granted for this project by the University of Auckland 

Human Participants Ethics Committee (Reference Number 2602). 
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3.22 Participant recruitment and spread 

Participants for this study were recruited from across Auckland in a quasi-random manner. 

This was done by posting flyers on the University campus, sharing on social media, email 

groups and by word of mouth. Participants were over the age of 18 and lived in Auckland at 

the time of sampling. Interested participants contacted the researchers via email and had 

instructions, information sheets, questionnaires, and consent forms emailed to them for 

completion. They were then asked to follow the instructions on the 360 Dust Analysis 

website and to send their unique ID number from their 360 Dust Analysis survey to the 

researcher; this was used to combine data from both surveys. Where possible and requested, 

the necessary paperwork (instructions, participant information sheets, questionnaires, consent 

forms) and a Ziploc bag were physically provided to participants to encourage participation. 

Additionally, questionnaires were translated for some Chinese-speaking participants (who 

were not fluent in English). The first recruitment took place during the summer months of 

January - March 2021. Participants were given the option to be contacted again to provide 

dust samples in winter, which were collected from July - September 2021. 

There were 78 participants in total over the summer and winter dust collection periods - 33 

participated in both winter and summer campaigns and are considered paired samples. Only 

participants who completed all questionnaires, consent forms, and sent in dust samples were 

included in the analysis. In total, there were 111 dust samples used in the analyses from 78 

participants (Table 3.1) spread across Auckland (Figure 3.1). Only nine houses of 78 had 

wood burners in their homes (see Table 3.3). 

Table 3.1: Participant numbers 

 
No. participants 

Summer Winter 

Independent (unpaired) 22 23 

Dependent (paired) 33 

Total 55 56 
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Figure 3.1: Spread of household dust samples across Auckland (inset map shows single 

sample in Matakana) 

 

3.23 DustSafe (360 Dust Analysis) 

DustSafe is an international citizen science programme where participants can send in 

samples of their household dust for trace metal analysis and answer an online questionnaire 

about their household unit. This project uses the data collected by the New Zealand DustSafe 

team (concentrations of trace metals in household dust and questionnaire data) and 

investigates the link between metal concentrations and woodsmoke using an additional 

woodsmoke questionnaire. 

On the DustSafe website, participants were asked to complete an online survey and instructed 

to vacuum the main area(s) of their homes and empty the contents of their vacuum cleaners 

into a zip-locked resealable bag. Participants were not given specific instructions for sample 

collection (i.e. to vacuum a particular area or over a specific time frame). This was identified 

as a hurdle which may deter participants from taking part and introduce too many errors into 
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the study. They returned their forms and dust samples either via post or directly to the 

researchers in Auckland.  

3.24 Dust sample preparation 

Unsieved vacuum cleaner dust samples were received by researchers in plastic bags labelled 

with the date of collection and an identification code. They were then sieved in the University 

sedimentology lab using a 500 μm and 250 μm sieve in a sieve shaker (Figure 3.2). This was 

set at the highest amplitude (3) for five to ten minutes. The first 500 μm layer removed larger 

residues (e.g. fibres, rocks, food, hair and small plastic pieces) and allowed a smoother flow 

of dust through the 250 μm sieve. The 500 μm fraction was considered waste and discarded; 

the 250 μm size fraction was retained as the final dust sample and stored in a Ziploc bag for 

pXRF analysis. Often, fibres and animal hairs remained in the sieved 250 μm fraction – using 

a pair of tweezers, as much as possible of this type of material was removed after sieving. A 

duplicate sample was taken from particularly large dust samples; ideally, this would have 

been done at random; however, many samples did not generate enough fine dust for a 

duplicate to be able to be taken. All equipment was washed, wiped, oven-dried and then 

cooled before each sieving. Some dust samples received were very small and had to be sieved 

for longer to obtain an adequate sampling size. A few were too small and could not be 

analysed with pXRF.  

 

   
Figure 3.2: Left: Sieves used and differences in dust between each size fraction; Right: Sieve 

shaker 
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3.3 Chemical data analysis 

An Olympus Innov-X Delta 50kV pXRF device with a gold anode tube was used to measure 

the elemental concentrations of the dust samples. This portable device was connected to a 

shielded test stand, allowing it to be hands-free (Figure 3.3). Each of the sieved dust samples 

was transferred to a small Ziploc bag (50 x 60 mm), through which the sample was scanned 

by the X-ray. For pXRF, it is ideal for this Ziploc bag to be at least half full of the sample, to 

ensure that there is enough for accurate analysis; however, some samples were much smaller 

which may have affected the analysis.  

 

    

Figure 3.3: pXRF set-up. Left: the handheld XRF device secured to a test stand and 

connected to a computer. Right: the dust sample in a small Ziploc bag, which covers the 

scanner’s window 

  

Unknown dust samples were run in a random order, and three known soil standards were run 

between every ten unknown samples (which could be accomplished in under an hour). Soil 

standards were National Institute of Standards and Technology (NIST) reference materials 

(NIST 2710a and 2711a) and a silicate blank (SiO2). All samples were run under soil mode 

and measured for 120 seconds. The limit of detection (LOD) values of the pXRF device for 

each element are listed in Table 3.2. These are the lowest concentrations at which the element 

can be reliably detected. The pXRF measurement of the summer and winter samples was 

done at GNS Science Dunedin, New Zealand, each taking one day in 2021 (summer samples) 

and 2022 (winter samples). The Olympus Delta Innov-X Delta 50kV pXRF device is 

expected to give measurements with up to ± 20% accuracy for elements, with the exception 

of Cr, V and Ba, which have ± 30% accuracy (due to interference from plastic bag used) 
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(Innov-X Systems, Inc, 2010). Therefore, these uncertainties were used in the PMF analysis 

(Section 3.44). 

 

Table 3.2: LODs as given by the pXRF device supplier 

Element 
As 

(mg/kg) 

Cd 

(mg/kg) 

Cr 

(mg/kg) 

Cu 

(mg/kg) 

Mn 

(mg/kg) 

Ni 

(mg/kg) 

Pb 

(mg/kg) 

Zn 

(mg/kg) 

LOD/LOQ 1-3 2-3 5-10 5-7 3-5 1-20 2-4 3-5 

 

 

3.31 Quality Control 

Sample concentrations were plotted in the order in which they were analysed (‘run order’) to 

show any time-dependent variation in the data. As seen in Appendices 3.1 & 3.5, there is no 

observable trend between concentration and run time. The same was done for standards used 

for the analysis – Appendices 3.2, 3.3, 3.6 & 3.7 show elemental concentrations for each of 

the standards (NIST 2710a and 2711a) against run order, along with solid lines showing ± 

30% of the median concentration; the range within the median which is considered to be 

acceptable (Reimann et al., 2011; Martin et al., 2016). The SiO2 standards are not shown as 

most elemental concentrations were below the LOD. 

The figures show that most elemental concentrations were within the ± 30% range, with Ni 

having the largest variation in both standards. For the NIST 2710a standard, Cd had one point 

outside the ± 30% range, and Cr only had four samples above the LOD. In summer, all 

standards were within the ± 30% range except for Ni for NIST 2711a. This suggests that the 

pXRF analysis may have been more consistent during the summer analysis (less affected by 

time). 

Figure 3.4 below shows linear regression plots of samples and their replicates in winter for 

arsenic (see Appendices 3.4 and 3.8 for regression plots of all metals). The red line shows the 

ideal 1:1 correlation between sample and replicate, where the pXRF measurement is perfectly 

precise. Since replicates were taken of the sample dust sample in one house, these 

correlations represent the variability of elemental concentrations within a submitted dust 

sample. For both summer and winter samples, all elements had R2 values greater than 0.85, 

with the exception of Cd and Ni. From the plots of run order and linear regression, we can be 
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reasonably confident in using pXRF to accurately determine the concentrations of As, Cu, Cr, 

Mn, Ni, Pb and Zn. 

 

 
Figure 3.4:  Regression plots of samples and their replicates, for arsenic (Winter) 

With the exception of Cd and Ni, the median concentrations of the elements in the dust 

samples (Appendix 4.1) are generally much higher than the device LOD’s and their minimum 

values fall above the LOD. Taking both NIST standards into account, the correlation between 

their replicates and their general concentrations in dust, we can be relatively confident in the 

concentrations of arsenic, Cr, Cu, Mg, Pb and Mg measured by pXRF. Most data points plot 

within 30% of the median and the concentrations measured do not appear to be time 

dependent. 

 

3.4 Statistical and Spatial analyses 

3.41 Raw data treatment 

After receiving consent and questionnaire forms from participants, the identities of each 

participant were encoded and entered onto a spreadsheet. The raw questionnaire data from 

this study was manually entered into a Microsoft Excel metadata spreadsheet and merged 
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with the DustSafe survey data and quantitative pXRF metal concentrations. RStudio was used 

to tidy and sort data, which was then used to create graphs and input data into other software. 

SPSS was used to conduct all statistical tests and produce graphs. QGIS was used to visualise 

and plot geographical data and to link different datasets by their location using the function 

NN-Join (such as the metal concentrations of soil, dust, and wood burner density; as well as 

measuring the distance between data points and point sources of pollution).  

In SPSS, Shapiro-Wilk tests were run for all data before selecting statistical tests – due to 

their non-normal distribution, non-parametric tests were conducted for all data analyses. 

These were Spearman’s rank two-tailed correlations, comparison of medians, Mann-Whitney 

U tests and Kruskal-Wallis one-way ANOVA tests. 

Most samples had Cd levels below the level of detection (LOD), so Cd was not considered in 

the statistical tests.  

The frequency of answers given for each question (from the questionnaire) is given in 

Appendix 4.3. Some participant characteristics could not be analysed reliably as they had too 

few observations to allow for reasonable comparisons; therefore, most are not discussed in 

the results. Additionally, some variables had cases (marked *) removed during analysis, as 

these cases had too few numbers (of a total of 78 samples) to be representative (see Table 

3.3). 

 

Table 3.3: Characteristics which could not be assessed due to insufficient case numbers 

Variable Cases Numbers 

Presence of fireplace 

Yes 9 

No 61 

NA 8 

Type of fuel burned 

in the fireplace 

Raw, untreated logs 7 

Construction timber 

offcuts 
1 

NA 70 

Smoking 
Yes 2 

No 75 

Garden present 
Yes 71 

No 6 

Often 5 
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Materials openly 

burned on lot 

Sometimes 8 

Never 60 

Peeling paint 

(interior) 

Yes 2 

No 76 

Peeling paint 

(exterior) 

Yes 6 

No 72 

Smell of woodsmoke I don’t know* 4 

Shoes removed 

indoors 

All 41 

Some 29 

None* 4 

NA* 4 

 

3.411 Effect of season 

Data were split into paired (N = 33) and unpaired (N = 78) datasets to allow for accurate 

comparisons between the seasons. The paired samples (spread shown in Figure 3.5) were 

only used for comparison of concentrations between the seasons. The unpaired dataset was 

used for all other analyses. In this dataset, any paired data, i.e., participants who had 

submitted two samples, were averaged to give one value per participant. This provided an 

independent dataset suitable for independent statistical tests.  
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Figure 3.5: Spread of household dust samples (paired samples, N = 33) 

 

3.412 Region/spatial distribution 

The samples were split into four regions according to Auckland's air quality monitoring 

stations – Takapuna, Penrose, Henderson, and Papatoetoe (see Table 3.4 and Figure 3.6). 

Samples were grouped with the region to which they were closest in distance. This allowed 

arsenic concentrations to be compared with wood burner density and ambient arsenic 

concentrations found in these areas in previous Auckland studies (Dirks et al., 2020; Talbot et 

al., 2020). The sample in Matakana was considered to be an outlier (in terms of distance) and 

was excluded from any analyses split by regions (Sections 4.21 and 4.231). 

 

Table 3.4: Number of samples submitted per region 

General 

Region 

Takapuna  

(North 

Shore) 

Penrose 

(Central-

Southeast) 

Henderson 

(West) 

Papatoetoe 

(South) 
Other  

Number of 

samples 
31 14 17 15 1 
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Figure 3.6: Spatial grouping of samples into four regions, according to nearest air quality 

monitoring station (excluding sample in Matakana) 

3.413 Wood burning homes 

Nine samples (11.5% of the total dataset) came from houses with wood burners. This did not 

allow for significance testing on indoor arsenic concentrations and personal wood-burning 

activity; hence, the more localised effects of wood burning could not be investigated. 

3.414 Effect of smell of woodsmoke 

To estimate the total frequency of woodsmoke detected in each region, the answers were 

grouped into two groups: Strongly agree/agree (for those who answered ‘often’ and 

‘sometimes’) and Strongly disagree/unsure. The percentage for each category was taken for 

each region and used to indicate the frequency of wood smoke detected (see Table 4.3). 

 

3.42 Analysis with other Auckland datasets 

3.421 Wood Burner Density 

These data were obtained from Stats NZ from their 2018 Census. The data of interest was the 

number of dwellings per unit area in Statistical Area 1 (SA1) using wood burners as their 
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main home heating source. SA1 is currently the smallest official geographical unit used by 

Stats NZ, therefore was used for this study. The land area of SA1 units in Auckland can vary 

greatly, from 0.11 sqkm to 5760 sqkm (calculated from StatsNZ data, as below). 

Data of the geographical characteristics of each SA1 unit (such as latitude, longitude, total 

land area in sqkm), the number of wood burners per SA1 unit were downloaded from the 

StatsNZ website (Statistical area 1 dataset for 2018 Census and Auckland Region (dwellings 

data) files were downloaded from https://www.stats.govt.nz/information-releases/statistical-

area-1-dataset-for-2018-census-updated-march-2020, accessed 01/09/2021). 

From these data, the wood burner count per SA1 unit was found. These data were then 

merged with this study’s household dust samples by location to give the local wood burner 

count of each household’s location. These data were used in R to test the correlation between 

burner density and dust metal concentrations.   

The number of wood burners between each of the four regions was also compared. This was 

done using the wood burner counts of SA1 units within a 1 km radius of the regional 

monitoring station. 

3.422 Soil 

To test the correlation between elemental concentrations in soil and dust, soil concentrations 

were provided from a recent Auckland soil survey (Martin et al., 2022). This survey 

(described in Section 2.142) investigated elemental topsoil concentrations across Auckland. 

Using QGIS, each dust sample was paired with the nearest soil sample, and their 

concentrations were compared. This gave the topsoil concentration of arsenic for each 

household sample (N = 78).  

3.423 Air Quality 

The ambient arsenic concentrations measured from four Auckland monitoring stations, as 

reported in Section 2.121, were used to conduct spatial analyses (Figure 3.2). These data were 

used to hypothesise regions in which household dust arsenic would be greatest – where 

ambient arsenic concentrations have been highest. Therefore, samples were sorted into 

regions according to their closest air quality monitoring station, and the median 

concentrations of these regions were compared. The four monitoring stations selected for this 

https://www.stats.govt.nz/information-releases/statistical-area-1-dataset-for-2018-census-updated-march-2020
https://www.stats.govt.nz/information-releases/statistical-area-1-dataset-for-2018-census-updated-march-2020
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were those investigated by Talbot et al. (2020). These stations provide a good spread over the 

Auckland region and allow for the results of this study to be compared to the predicted 

residential and industrial sources of arsenic in Auckland. 

3.424 Auckland Dust Samples (Isley et al., 2022a) 

The household metal dust concentrations from this thesis were compared to the data analysed 

by Isley et al. (2022a) through the DustSafe programme. This was the subset of data which 

was from New Zealand (N = 47). This raw data was provided by the authors, which was used 

to run statistical tests against data in this thesis. 

3.43 Principal Component Analysis (PCA) 

The seven metal concentrations (As, Cr, Cu, Mn, Ni, Pb and Zn) for each household dust 

sample were used for analyses. Cd was not used due to its large number of missing values. 

The data (N = 78) was standardised in R, which gives equal weight to the variables and 

makes them comparable (Tauler et al., 2009; Kassambara, 2017). For the overall dataset, an 

outlier (Pb = 5625 mg/kg, which was 323 times the mean Pb value) was removed. Missing 

values were also removed, leaving a total of 72 samples to input. For the paired data (N = 

33), this left 31 samples to input. PCA was conducted in RStudio using the packages 

“FactoMineR” and “factoextra”, as detailed in the method outlined in an online RStudio 

guide (Kassambara, 2017) using R Version 4.2.1. 

3.44 Positive Matrix Factorisation (PMF) 

The data of the seven metals was run through the US EPA’s PMF model (Version 5.0.14), 

along with the corresponding uncertainties, which were calculated at ± 20% for each metal 

concentration, and ± 30% for Cr. The model was run with the overall dataset. The number of 

factors chosen to run the PMF was three, as it as it was assumed that three factors explain the 

majority of variance in the data (as per the PCA output - see Section 4.53). Data input to the 

PMF was not normalised as this is not required for the PMF (Brown et al., 2015).  

The Pb outlier was removed, as done for the PCA. Additionally, Pb was changed to a ‘weak’ 

species due to its poor R2 value (0.03) in the base model. This gave a dataset of N = 72, with 

input and outputs reported in Tables 3.5 and 3.6, based on recommendations by Brown et al. 

(2015). No BS Factors were unmapped and were all correctly mapped to their base factors 

(100%), with the exception of Factor 3 which was mapped at 95%. This indicated that the 
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solution was relatively stable. In the DISP error estimation, no swaps indicated that the 

solutions were well defined with few errors. The DISP output can be used as a first step in 

screening the PMF solution, whereby zero or few swaps indicate a reasonable solution 

(Brown et al., 2015). The Q-value (goodness-of-fit parameters for PMF) of the model did not 

differ significantly to the Qexpected, indicating that the DISP error analysis is valid (Norris et 

al., 2014; Brown et al., 2015). The BS-DISP output showed swaps in 0% of the BS-DISP 

runs, indicating little uncertainty in the solution. Together, the error estimation of the PMF 

solution indicates that the solution is relatively well defined. 

Table 3.5: Summary of PMF settings used for overall dataset (N = 72) 

Parameter Inputs for 3-factor solution 

N species 7 (6 strong, 1 weak) 

N samples 72 

N factors 3 

Treatment of missing data No missing data included 

Treatment of data <LOD Data used as reported 

Treatment of concentrations equal to or less than zero Data used as reported 

Lower limit for normalised factor contributions gik - 0.2 

Robust mode Yes  

Constraints  None  

Seed value Random 

N bootstraps in BS 100 

r2 for BS 0.6 

BS block size 648 

DISP dQmax 4, 8, 12, 16 

DISP active species All except Pb (weak) 

N bootstraps; r2 for BS in BS-DISP 100; 0.6 

BS-DISP active species As, Cu  

BS-DISP dQmax 0.5, 1, 2, 4 

 

Table 3.6: Summary of PMF output - error estimation diagnostics 

Diagnostic 3-factor solution 

Qexpected 189 

Qtrue 445.9 

Qrobust 445.0  

Qrobust/Qexpected 2.35 
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Q/Qexpected > 2 As, Ni, Pb 

DISP % dQ < 0.1% 

DISP swaps 0 

Factors with BS mapping < 100% Factor 3 (95%) 

BS-DISP % cases with swaps 0 

 

 

3.5 Disruptions due to COVID-19 

Due to the global COVID-19 pandemic, New Zealand has been under lockdowns (self-

isolation) at varying alert levels from 2020-2021. Auckland was locked down from 

(approximately) March – April 2020, August 2020, February 2021, and August – December 

2021. During these self-isolation periods, people spent nearly all of their time at home; this 

may have affected their home heating behaviours (such as lighting fires), thus, their home 

emissions may not be representative of a typical year in Auckland (Talbot et al., 2021). 

COVID-19 disruptions meant that samples could only be sieved and chemically analysed a 

few months after they were collected, delaying the analytical portion of the project. 

Submitting samples became slightly more difficult for participants (for example, confusion 

about when it was appropriate to send in samples, resulting in delays). It may have affected 

participants’ interest in the project and contributed to the small sample size. 
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4.0 Results and Discussion 

This chapter presents the results of arsenic and other metal concentrations measured in indoor 

dust, as well as the results of statistical tests and models used. First, a summary of the arsenic 

concentrations is given and compared to the literature. The effects of wood-burning 

indicators are then discussed in Sections 4.2 – 4.3. The effect of spatial factors on arsenic 

concentrations is discussed in Section 4.2, which covers the distribution of samples over the 

Auckland region, the distribution of wood burner density in the region, and the distance 

between samples and industrial point sources. Then the effect of season and the relationships 

between the detection of the smell of woodsmoke on arsenic concentrations is examined. 

Section 4.4 explores the effect of non-wood burning factors on indoor arsenic concentrations 

(considered confounding variables to be ruled out). These are household characteristics and 

participant behaviours, such as removing shoes upon entering the household and the age of 

the house. Source apportionment analyses are conducted and described in Section 4.5. This 

was done using spearman’s correlation between the metals, and comparing metal 

concentrations in dust and local soils. In addition, two multivariate models were used - 

Principal Component Analysis and Positive Matrix Factorisation. 

4.1 Summary of arsenic concentrations 

In this study, the median concentration of arsenic concentration in dust was found to be 26 

mg/kg. In total, 63% of samples exceeded New Zealand’s SCS for arsenic concentrations of a 

standard residential lot (20 mg/kg) (Table 4.1 – note that 77 of 78 samples were above LOD). 

These results suggest that a significant proportion of the Auckland population may be at risk 

of adverse health effects due to exposure to high levels of arsenic. The median dust arsenic 

concentration was 3.25 times higher than its median concentration in local soil (8 mg/kg – 

See Appendix 4.4, Part H), suggesting a significant contribution from non-soil sources. 

Table 4.1: Summary of arsenic concentrations (mg/kg) in household dust analysed across 

Auckland  

Element n Minimum Median Mean Maximum Stdev 

As 77 5.3 26 36.1 166.1 33.98 
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The median concentration of arsenic observed in indoor dust in this study was significantly 

lower than reported by Isley et al. (2022a) (Appendix 4.2 and Appendix 4.4, Part A). There 

were differences in the locations of participants for each study; this may have contributed to 

the differences in metal concentrations observed. Isley et al.’s study analysed samples from 

all over New Zealand, including the South Island, where wood burning is more common 

(Scott & Gunatilaka, 2004). Their study also contained more homes that used wood as a 

primary source of home heating (17% of sampled homes) compared to this thesis (12% of 

homes). When using only the Auckland subset of Isley et al.’s data (N = 16), the median 

concentration (37 mg/kg) is still higher than found in this study – however, the difference is 

no longer statistically significant (p = 0.155 and 0.250 for Median and Mann-Whitney U 

Tests, respectively). Therefore, there is no statistically significant difference between the 

Auckland household samples in Isley et al.’s data and this thesis. This supports the idea that 

the higher arsenic levels of Isley et al.’s overall New Zealand cohort (N = 47) are influenced 

by samples taken out of Auckland. 

In the literature, most regions which reported higher median arsenic concentrations than this 

thesis were either mining regions or heavily industrial regions (Fontúrbel et al., 2011; Cao et 

al., 2015; Torres-Sánchez et al., 2017; Middleton et al., 2018) (Figure 4.1). Studies which 

reported lower levels were mostly from urban-rural or urban-industrial regions (Seifert et al., 

2000; Rasmussen et al., 2013; Lu et al., 2014; Doyi et al., 2019; Ali et al., 2021). The 

concentration range of this thesis was most similar to those in Sydney, Australia (1.5 - 147 

mg/kg - Doyi et al., 2019), and Canada (0.1 - 153 mg/kg - Rasmussen et al., 2013); however, 

the median in this study is higher than in Sydney and Canada (13.5 and 9.1 mg/kg, 

respectively). About 70-80% of timber treated in Australia uses CCA preservative (Hann et 

al., 2010) – similar to in New Zealand, where it is about 69% (Scott, 2013). Sydney’s median 

arsenic concentration is lower than Auckland’s; therefore, it may be that the behaviour of 

burning treated timber for home heating is less common in Sydney, where winter 

temperatures are warmer than in Auckland. CCA use is less prevalent in Canada, where it has 

been banned for residential settings since 2003 (Parks Canada, 2017). This may explain the 

lower median arsenic concentration reported by Rasmussen et al. 
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Figure 4.1: Range of arsenic concentrations (mg/kg) in indoor dust reported in literature. 

Blue boxes represent the minimum and maximum concentrations, orange lines represent 

median concentrations, and red crosses represent mean concentration, where reported. A = 

Metropolitan area; B = Rural area; C = Mining area; D = Control area 

 
4.2 Spatial patterns in indoor arsenic concentrations  

Spread of arsenic across regions of Auckland 

The combustion of treated wood is likely to be a highly localised, temporarily variable 

phenomenon dependent on the availability of CCA treated wood and both the means and 

desire to burn it. However, previous studies have shown that in the Auckland regions, 

ambient concentrations of arsenic are regionally variable and that this is attributable to the 

burning of CCA-treated wood for home heating (see Section 2.121). Since outdoor air can 

penetrate homes, we might expect to see a relationship between ambient air quality and 

arsenic concentrations in dust if the combustion of treated wood is a significant source of 

indoor arsenic.   

When the data are clustered according to the location of the nearest air quality monitoring 

station, significant regional differences in the arsenic concentrations found in household dust 

are observed across the Auckland Region (Figure 4.2, p = 0.046 – see Appendix 4.4, Part B). 
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Highest concentrations were observed in Papatoetoe (median = 32.3 mg/kg, SD = 43.7) and 

Henderson (median = 30.0 mg/kg, SD = 48.2). This is consistent with the observed trends of 

ambient arsenic concentration recorded at these monitoring stations and suggests that, at a 

larger scale, outdoor air quality may be affecting the observed concentrations of arsenic in the 

household dust. However, it is important to note that arsenic concentrations in household dust 

were higher than the recommended exposure limit of 20 mg/kg in three of the four regions, 

and considerable spatial variability was observed within each region (Figure 4.2). This likely 

reflects the localised nature of the combustion of CCA-treated wood as well as the proximity 

of individual sites to the closest monitoring station, which ranged from 0.3 – 17.5 km. In 

future studies, collecting more samples closer to the monitoring stations would help to 

investigate the link between ambient and dust arsenic in these regions. This would also help 

to investigate other factors affecting peaks in ambient arsenic concentrations.

 

Figure 4.2: Geographical spread of arsenic concentrations in each region (Takapuna, 

Penrose, Henderson, and Papatoetoe) and corresponding air quality monitoring station. 

Inset boxplot shows spread of arsenic concentrations per region 
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The following three sections discuss the incidence and effect of wood burners on arsenic 

concentrations, distance from industrial sources on arsenic concentrations, and the 

characteristics of samples within the 90th percentile for arsenic concentrations (Figure 4.3). 

 

Figure 4.3: Geographical spread of wood burner density (burners per SA1 unit) and 

potential industrial sources of arsenic (asphalt plants) (Stats NZ b, n.d.) 

 

4.21 Influence of wood burners  

If concentrations of arsenic in household dust are attributable to trends in the combustion of 

CCA-treated wood, we might expect to see a correlation between higher concentrations of 

arsenic and the use of wood burners for home heating. In this study, only a small percentage 

of homes studied (11.5%, nine houses) used wood burners for home heating. Therefore, the 

direct effect of wood-burning houses on indoor arsenic could not be assessed with strong 

statistical power; nonetheless, there was no statistically significant difference between 

median arsenic concentrations in homes with and without wood burners (p = 0.504 and 0.392 

for Independent-Samples Median Test and Mann-Whitney U Test, respectively). This 

suggests that the households with wood burners randomly selected for this project did not 
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burn CCA-treated wood. There have been many studies linking wood burning and household 

PM levels; however, to the best of my knowledge, there have been no other studies linking 

wood burners and household dust arsenic in New Zealand or other countries.  

Given the limited number of air quality monitoring stations and thus the coarse spatial 

resolution of the ambient data, another way to consider the relationship between the 

combustion of treated wood and indoor arsenic concentrations is to consider the density of 

wood burners. Data from the 2018 census was used to create the wood burner density plotted 

in Figure 4.3. This figure shows that Torbay (North Shore) and Glen Eden (West) have 

relatively high numbers of wood burners, as shown by the darkened areas on the map. Wood 

burner density was lower in the central isthmus, as well as areas in the Southeast (Flat Bush) 

where the houses are much newer (East Auckland Tourism, n.d.) and therefore less likely to 

have had wood burners installed. 

In each of the four regions, the numbers of wood burners within a 1 km radius of the 

monitoring station were significantly different (p < 0.001 and 0.002 for Median and Kruskal-

Wallis tests, respectively – Appendix 4.4, Part C). Henderson had the highest median (9 

wood burners per SA1 unit), followed by Takapuna and Papatoetoe (both with 6 burners per 

SA1 unit) (Figure 4.4). This result differs slightly from that of Talbot et al. (2020), where 

wood burner density in Auckland were found to be greatest in Papatoetoe, followed by 

Henderson. The difference may be due to differences found in the 2013 (used by Talbot et 

al.) and 2018 census datasets.  
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Figure 4.4: Boxplot of wood burner density distributions across four regions of Auckland 

(data taken from 2018 Census). The solid black line represents the overall median wood 

burner density 

There was a weak, statistically insignificant correlation (p = 0.756, rs = 0.036) between 

arsenic concentrations in a sample and the local wood burner density (number of wood 

burners in the SA1 unit). Wood burner density in this study is a poor indicator of indoor 

metal concentrations, as there was no strong or statistically significant correlation found 

between any metals and wood burner density (Appendix 4.4, Part D). This result is similar to 

that of Dirks et al. (2020), who found no significant difference between wood burner density 

in Auckland and the concentration of arsenic (measured from samples of participants’ beard 

hair). They concluded that the association between burning CCA-treated timber and personal 

exposure must be very localised in Auckland. This may result from occupants having, but not 

using, a wood burner, unequal access to treated wood for combustion and variability in the 

desire to use it for home heating.  
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Wood burner densities obtained from Auckland Censuses is reported for a specific 

geographical unit which can vary greatly in size; SA1 units range from 0.11 to 5760 sqkm 

(Section 3.421). It may be that the number of wood burners is measured over too large a unit, 

giving wood burner density which is generalised over a large area. While this wood burner 

density represents the area as a whole, it may not represent the density for a specific house; 

therefore, may not be suitable for use on a smaller scale. Wood burner density reported at a 

smaller scale (e.g. the number per 100 m2) may be more useful in assessing its effect on 

Auckland’s arsenic concentrations, as the effect of woodsmoke on arsenic appears to be 

highly localised. Collecting more samples from within the same SA1 units would help to test 

this theory. 

4.211 Sample X 

One household, ‘Sample X’, reported specifically burning construction timber offcuts as a 

fuel source. Therefore, the relationship between the burning of CCA-treated timber and 

indoor arsenic levels was expected to be strongest in this home. This home reported smelling 

woodsmoke in winter ‘sometimes’ and had a local wood burner density (24 burners/SA1 

unit) within the 90th percentile of wood burner densities (18.3 burners/SA1 unit). As a result, 

it was expected that the arsenic concentrations within this home would be affected by 

individual household burning of CCA-treated wood, and local wood burning in the 

neighbourhood.  

However, Sample X’s dust arsenic concentration in summer was more than double that in 

winter (Table 4.2). Despite burning construction timber offcuts as a fuel in their wood burner, 

their arsenic concentrations did not increase in winter. Therefore, direct wintertime burning 

of CCA-treated timber by this household and the neighbourhood did not significantly affect 

their indoor arsenic levels. 

This result indicates that a summer source of arsenic exists. Timber offcuts may be burned for 

summertime activities such as outdoor cooking and barbequing, as observed by 

Niyobuhungrio and von Blottnitz (2013) in South Africa. An additional question to 

participants about the use of outdoor cooking fuels may help to substantiate this result. 

Moreover, it may be that during the summer, the doors and windows of the home are open 

more frequently, allowing easier transportation of outdoor contaminants into the household 

(Neisi et al., 2016) – such as fireplace ash may be deposited outdoors.  
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Table 4.2: Seasonal metal concentrations for Sample 5 

Season 
Dust metal concentration (mg/kg) 

As Cr Cu Mn Ni Pb Zn 

Winter 17.3 37 105 155 24 164 741 

Summer 39 54 158 183 28 352 1120 

 

4.22 Distance from industrial point sources 

In the literature, arsenic concentrations have been significantly affected by distance from 

industrial mining areas in both household dust (Fontúrbel et al., 2011; Meyer et al., 1999) and 

residential soil samples (Middleton et al., 2017). While there are no industrial mining sources 

of arsenic in central Auckland, there are two asphalt plants. These industrial sources may 

have some effect on the level of arsenic emitted into the air and/or soil (as discussed in 

Section 2.13), therefore may impact the arsenic concentrations of nearby houses. 

Figure 4.5 shows that arsenic concentrations near these industrial point sources vary greatly 

in concentration. The distances between the Penrose Asphalt plant and samples within the 

Central/Southeast region were measured and used in correlation tests against household 

arsenic concentrations. There was no statistically significant correlation between household 

arsenic concentrations and distance to the Penrose Asphalt plant (rs = 0.121, p = 0.499). The 

same was done for the East Tamaki plant, which did not give a statistically significant result 

(rs = 0.072, p = 0.685); therefore, it is unlikely that these plants have a significant effect on 

the household arsenic concentrations in this study.  

Talbot et al. (2020) suggested that the industrial source in Penrose may influence airborne 

arsenic levels; however, this is not reflected in the data. It may be that arsenic emissions from 

this plant are highly localised, therefore do not affect household dust arsenic concentrations – 

whether entering via track-in of arsenic residue on shoes, or by the infiltration of outdoor air. 

More samples within a closer vicinity of the plant would give a better representation of its 

impact on household dust arsenic concentrations. 
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Figure 4.5: Geographical spread of arsenic concentrations and industrial sites in Central 

and Southeast Auckland. Purple star represents the asphalt plant in Penrose, pink star 

represents the plant in East Tamaki 

 

4.23 Smell of Woodsmoke 

4.231 By region 

If the smell of woodsmoke corresponds to the burning of CCA-treated wood, we would 

expect that the smell of woodsmoke would be more frequently detected in regions with 

higher wood burner density and arsenic levels. In this study, participants reported 

woodsmoke to be most frequently smelled in Henderson (94%) followed by Papatoetoe 

(73%) (Table 4.3). This result is consistent with the trend of higher arsenic concentration and 

wood burner density observed in these areas; Papatoetoe reported the highest median arsenic 

concentration (32.3 mg/kg), while Henderson had the highest median wood burner count (9 

burners per SA1 unit) (Section 4.2). It supports the hypothesis that, on a regional scale, 

overall wood-burning activity in these areas may contribute to household dust arsenic 

concentrations. 
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Table 4.3 Frequency (count) of woodsmoke smelled for the region of Auckland (excluding 

Matakana sample) 

Region 

Frequency of woodsmoke smelled in winter 

Often Sometimes 

Strongly 

agree/ 

Agree 

Never 
I don't 

know 

Strongly 

disagree/ 

Unsure 

Total 

Takapuna 6 13 63% 9 1 33% 30 

Penrose 1 4 42% 5 2 58% 12 

Henderson 1 14 94% 1 0 6% 16 

Papatoetoe 4 7 73% 3 1 27% 15 

Total 12 38   18 4  72 

 

4.232 By Participant 

In contrast, the smell of woodsmoke in winter, as reported by participants, had no significant 

effect on their indoor arsenic concentrations (p = 0.134 and 0.126 for Median and Kruskal-

Wallis tests, respectively – see Appendix 4.4, Part E). This suggests that the association 

between wood smoke and household arsenic is greater on a regional scale than at a local one, 

as discussed in the above section. Therefore, while wood burning in a general area may be 

correlated with higher arsenic levels in that area, it is not expected that this corresponds to 

higher arsenic levels in a given house. The wood burner density (which is measured at the 

SA1 unit) may be at too large a scale to represent individual homes at a smaller, more local 

scale; hence the poor local relationship between household arsenic and wood burner density.   

The use of this qualitative variable (smell of woodsmoke) to investigate wood burning in an 

area has limitations. Woodsmoke may not be detected or observed in the same way between 

participants, as people may have higher or lower thresholds to detect the odoriferous 

compounds in woodsmoke (Galbally et al., 2009). The detection of and sensitivity to smells 

can vary between individuals depending on their demographic (Keller et al., 2012); therefore, 

smell may not provide an accurate estimation of wood burning activity in an area. 

Additionally, wood smoke and burning do not necessarily equate to the burning of CCA-

treated wood, nor so the release of arsenic into the environment. As such, it may not be 

related to household arsenic concentrations.  
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4.3 Comparison of summer and winter concentrations 

The difference between median arsenic concentrations in summer and winter (Figure 4.6) 

was insignificant; however, the median concentration in summer was slightly greater than in 

winter (Table 4.4). The lack of significant difference is likely due to the lack of wood-

burning participants in this dataset. Wood burning and burning of treated timber is thought to 

increase wintertime ambient concentrations of arsenic in Auckland (Davy & Trompetter, 

2020; Talbot et al., 2020); however, this activity may not significantly increase indoor metal 

concentrations within a home. This is likely because the release of arsenic from such 

activities is highly localised (Dirks et al., 2020), therefore only affecting the concentrations of 

homes in which it is burned, or homes very close by. 

The lack of effect of season on indoor arsenic concentrations differs to the result found by 

Bao et al. (2019) in Lanzhou City, China, who found higher arsenic levels in winter than in 

summer. This was attributed to high coal consumption for home heating, as well as thermal 

inversions during winter, which prevent the dispersion of pollutants (Wang et al., 2008). The 

effect of season on arsenic concentrations may be more prevalent in Lanzhou City than in 

Auckland, due to the prevalence of arsenic sources - coal is used for industrial processes and 

central heating in Lanzhou (heats 8% of households directly and 97% of households 

indirectly (Niu et al., 2011), while in Auckland, wood burning heats 17% of homes (Stats NZ 

b, n.d.). Other than this thesis and Bao et al.’s study, there are no comparisons of indoor 

arsenic levels between the seasons. 

Additionally, it may be that a summer source of arsenic exists, as discussed in Section 4.211. 

During the summer, buildings also tend to allow for more natural ventilation, which may 

allow for greater infiltration of arsenic. This was found by Neisi et al., (2016) where indoor 
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dust concentrations were significantly greater in seasons where windows and doors were 

opened for household ventilation. 

 

Figure 4.6: Boxplot of arsenic concentrations over summer and winter (paired data, N = 33) 

 

Table 4.4: Comparison of arsenic concentrations in summer and winter 

Metals 

P-value Median (mg/kg) 

Wilcoxon 

matched-pair 

signed-rank 

Summer Winter 

As 0.796 30.9 28 

 

 

4.4 Effect of other variables on metal concentrations 
This section discusses the effect of non-woodsmoke-related variables on household arsenic. 

When variables are not associated with household arsenic, it suggests that they contribute 

little to indoor arsenic levels. This suggests that wood-burning provides a larger source of 

indoor arsenic than these variables, on a regional scale. 
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4.41 Shoes removed indoors 

The frequency of shoes worn indoors did not have a significant association with arsenic in 

dust. Therefore, it is unlikely that they were tracked in on footwear from the outdoors (p = 

0.117 and 0.065 for Median and Mann-Whitney U tests – Appendix 4.4, Part F). This result 

differs to that of Fontúrbel et al. (2011), where indoor metal levels were greatly increased 

when mining workwear was worn indoors. Additionally, indoor and outdoor concentrations 

of dust arsenic were significantly correlated (r = 0.80) in Cao et al.‘s study (2020), which 

indicated a similar source that may have been tracked indoors. It may be that this study’s 

participants did not come into contact with the local soils, some of which were obtained from 

urban public and recreational spaces; therefore, little was picked up by participants’ shoes 

and brought indoors. In the future, an assessment of residential garden soil and/or outdoor 

residential dusts may give a more accurate representation of what metals may be tracked 

indoors within the vicinity of the house; thus, better represent local track-in of materials. 

For other metals, median Mn and Pb concentrations were significantly lower in homes where 

all shoes were removed upon entering the house (Figure 4.7). This suggests that, in homes 

where shoes are worn indoors, higher amounts of Mn and Pb may be tracked in on footwear. 

Thus, these metals may originate from an outdoor source, and are tracked in from the 

surrounding region. The relationship between shoe-removal and Pb levels was examined in 

Yoshinaga et al.’s study (2014), where, due to shoes being removed in Japanese residences, 

indoor Pb levels were found to be associated with indoor sources rather than soil-related 

sources. Arsenic is not well correlated with either of these metals, which further supports the 

idea that it is not tracked in on footwear. 
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Figure 4.7: Boxplots of Mn and Pb concentrations across frequency of shoes removed upon 

entering the home (‘All’ and ‘Some’ of outdoor footwear removed upon entering the house). 

Circles represent outliers. Solid black lines represent overall median concentrations. Note 

that categories ‘None’ and ‘NA’ were removed from analysis due to lack of numbers – see 

Table 3.3 

4.42 Pets indoors 

The distribution of arsenic concentrations was significantly different in homes with and 

without pets that could move in and out of the house (p = 0.017 – see Appendix 4.4, Part I); 

the distribution of arsenic concentrations in homes without indoor pets was more positively-

skewed (Figure 4.8). This suggests that indoor arsenic levels may be affected by pet-related 

factors. 
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Figure 4.8: Histograms of arsenic concentrations in homes with and without pets indoors 

(‘Yes’ and ‘No’, respectively) 

When considering the lack of relationship between arsenic levels in soil and dust (Section 

4.132), it is unlikely that pets bring in arsenic by tracking soils from the general baseline area. 

For homes without pets, there was no significant or strong correlation between dust and 

baseline soil arsenic (p = 0.841, rs = 0.03, N = 48); nor for homes with pets (p = 0.497, rs = 

0.134, N = 28). This supports this theory. 

It may be that pets track in arsenic from residential garden soils, which are a much more 

localised source. This was found in Middleton et al.’s (2017) study, where a statistically 

significant, weak correlation was found between soil and dust arsenic for homes with pets (rp 

= 0.35, p = 0.01) compared to homes without. Isley et al. (2022a) also found that Mn levels 

(albeit not arsenic) were 14% higher in homes with pets than in homes without, suggesting 

that pets can track soil materials into the house. 

Additionally, arsenic residue may be tracked in from treated timber structures. The arsenic 

from treated timber structures can result in higher levels of arsenic in surrounding soils 

(Townsend et al., 2003; Khan et al., 2006; Dewalt et al., 2015) which may then be tracked 

indoors indirectly through contaminated soils. Studies have also found that appreciable 

amounts of arsenic can become dislodged from treated timber structures (Stilwell et al., 2003) 

and directly carried indoors on footwear (Patch et al., 2009; Sigmon & Patch, 2010; Gress et 
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al., 2014) Since there is no significant correlation between shoes worn indoors and indoor 

arsenic concentrations in this study, it may be that any track in of arsenic residue from treated 

timber structures is done by household pets. Obendorf et al. (2006) also suggested that pets 

can track in pesticide residues. However, the potential of CCA-treated structures as a source 

of indoor arsenic cannot be confirmed due to lack of data on treated timber structures in the 

participant homes.  

Other sources may be from pet treatments or pesticides (Obendorf et al., 2006); although 

these are not commonly used in New Zealand domestic environments and are therefore 

unlikely to provide a source of household arsenic (Department of Internal Affairs, 2009; New 

Zealand Food Safety, 2020).  

4.43 House age and renovation 

Arsenic concentrations were not significantly affected by house age or recent home 

renovations (Appendix 4.4, parts J and K). Therefore, these factors are unlikely to be 

dominant sources of indoor arsenic dust in this study. 

The lack of relationship between arsenic levels and house age differs to the positive 

correlation found by Isley et al. (2022a) and Dewalt et al. (2015). This may be due to the 

deterioration of treated timber structures in older houses, over time which results in the 

release of arsenic (see Section 2.33-2). Isley et al.’s study also found elevated arsenic levels 

in more recently renovated homes, which could be attributed to the use of treated timber 

materials (Decker et al., 2002; Naylor et al., 2020). In contrast, Rasmussen et al. (2013)’s 

study across Canada found a significant positive relationship between house age and indoor 

concentrations of Pb, Cd and Zn, but not arsenic, Cr, Cu and Ni. The authors suggested that 

natural sources were more dominant than anthropogenic sources for indoor arsenic, Cr and Ni 

concentrations. For the former three metals, the relationship is likely associated with the 

deterioration of building materials and paints (Tan et al., 2016).  

The reasons for the lack of relationship between dust arsenic, house age and home renovation 

in this thesis are unclear. As suggested by Rasmussen et al.’s result, it may be that other 

sources of arsenic are present in the indoor environment (such as releases from the burning of 

CCA wood), thus overshadowing these relationships. 
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4.5 Source apportionment analysis 
This section discusses the potential sources of household dust metals, with a focus on arsenic. 

The aim of these analyses was to provide further evidence of a wood-burning source of 

arsenic. To do this, the significance of the correlations between metals and the contribution 

from local soils is discussed. Finally, multivariate analyses are used to identify potential 

sources of the metals. 

 4.51 Correlations between metals 

Arsenic was not well correlated with any metals (Tables 4.5 - 4.7). Arsenic’s correlation with 

Cr and Cu was slightly stronger in summer than in winter (Tables 4.6 and 4.7), which again 

suggests a summer source of arsenic. 

The overall weak correlations between arsenic, Cr and Cu are not unexpected as these metals 

do not volatilise at the same rate during the burning of CCA-treated wood. As discussed in 

Section 2.22, it is expected that volatilised PM generated from the burning of CCA-treated 

wood would contain a far higher ratio of arsenic to Cr and Cu, of about 14:3:1.8. In contrast, 

bottom ash would have a ratio of about 1:2:1 as As:Cr:Cu (Wasson et al., 2005). The ratio of 

median As:Cr:Cu concentrations in this study were roughly 13:50:100 (overall dataset) and 

unlike either ratio. It is likely that other non-CCA sources of Cr and Cu affected their 

concentrations in household dust, which were not related to wood burning; hence the lack of 

overall correlation between the three metals. The lack of correlation between these three 

metals was also observed in Sydney, Australia (Doyi et al., 2019) and the previous New 

Zealand cohort of the DustSafe programme (Isley et al., 2022a). 

Table 4.5: Spearman’s correlation matrix of dust metals from all samples (N = 78)  

(**Correlation is significant at the 0.01 level. *Correlation is significant at the 0.05 level)  

 As Cr Cu Mn Pb Ni Zn 

As 1 0.453** 0.428** 0.133 0.266* 0.139 0.321** 

Cr   1 0.387** 0.195 0.195 0.387** 0.189 

Cu     1 0.238* 0.348** 0.349** 0.665** 

Mn       1 0.434** 0.355** 0.323** 

Pb         1 0.127 0.347** 

Ni           1 0.322** 

Zn             1 
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Table 4.6: Spearman’s correlation matrix of dust metals from summer samples (N = 33) 

 As Cr Cu Mn Pb Ni Zn 

As 1 0.602** 0.560** -0.003 0.309 0.079 0.245 

Cr  1 0.593** 0.182 0.417* 0.19 0.167 

Cu   1 -0.019 0.228 0.271 0.508** 

Mn    1 0.363* 0.184 0.178 

Pb     1 0.334 0.324 

Ni      1 0.161 

Zn       1 

 

Table 4.7: Spearman’s correlation matrix of dust metals from winter samples (N = 33) 

 As Cr Cu Mn Pb Ni Zn 

As 1 0.499** 0.544** 0.056 0.338 0.172 0.251 

Cr  1 0.530** 0.314 0.33 0.429* 0.345* 

Cu   1 0.295 0.272 0.556** 0.697** 

Mn    1 0.213 0.492** 0.551** 

Pb     1 -0.031 0.278 

Ni      1 0.535** 

Zn       1 

 

The strongest, statistically significant correlation between any metals was between Zn and Cu 

at rs = 0.655 (Table 4.5) and was stronger in winter than in summer (Tables 4.6 & 4.7). This 

moderate correlation between Zn and Cu was not observed in Kim & Fergusson’s 

Christchurch study (1993). The authors noted that Zn concentrations did not vary greatly 

between homes and suggested that the rubber backings and underlays of carpets may be the 

predominant source of indoor Zn. Their results also reported that Cu and Zn levels decreased 

as the degree of carpet wear increased. Isley et al.’s (2022a) study suggests that a source of 

this group may be from the degradation of building materials, such as “galvanised surfaces, 

wood preservatives, paints and metal coatings”, and emissions from traffic. Therefore, an 

additional source of indoor Cu in Auckland may be new carpets, galvanised roofs and traffic 

emissions. 

The lack of correlation between arsenic and Mn in all datasets suggests that these two metals 

do not have the same source, which is expected to be predominantly local soil for Mn (from 

reserves and parks) (discussed in Section 4.52).  
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In the literature, indoor dust Pb concentrations have generally been associated with traffic 

(leaded petroleum) and lead-based paints (Chattopadhyay et al., 2003; Bao et al., 2019; Zhao 

et al., 2021; Isley et al., 2022a). In the context of burning wood, Pb may be associated with 

arsenic if treated and/or painted wood is burned as fuel. Davy & Trompetter (2020) found 

that ambient Pb and arsenic levels both peaked in the winter months in Henderson, Auckland. 

The correlation matrix in Table 4.5 shows that, overall, Pb was very weakly correlated with 

arsenic (rs = 0.266, significant at the 0.05 level), which suggests the association of airborne 

Pb and arsenic found by Davy & Trompetter (2020) is not observed in household dust. This 

may be due to a decrease in the general burning of lead-painted wood in Auckland, which has 

been declining in ambient PM10 (in air) since 2007 (see Section 2.122). It could also indicate 

a lack of painted-wood-burning emissions within the dataset. This lack of association could 

be further investigated by asking participants if they burn painted wood as fuel. 

4.52 Comparison to local soil concentrations 

Local soil concentrations were found to have no significant or strong correlation with 

household arsenic concentrations in this study (p = 0.453, rs = 0.087) or any of the other 

metals (Appendix 4.4, Part G).  

Previous studies of Auckland soils have found low-moderate levels of arsenic pollution in 

Auckland above the background level; particularly in the Central, West and North Shore 

areas of Auckland (see Section 2.141) (Curran-Cournane et al., 2015; Lim, 2021). Therefore, 

it is expected that any soil arsenic tracked into the home is greatest in Central Auckland. 

However, shoe-wearing, general location and local soil concentration were not significantly 

associated with dust arsenic concentration; therefore, it is unlikely that a significant amount 

of indoor arsenic is tracked into homes from baseline soils within the vicinity of the house. 

Furthermore, the poor correlation between arsenic and Pb and Mn levels, which are 

associated with shoe removal (Appendix 4.4, Part F), suggests that arsenic is not tracked 

indoors from a local soil source. Collecting data on residential garden soil metal 

concentrations for each home would improve the analysis and give a better indication of the 

track-in of metals from one’s garden into the house. 

The lack of relationship between outdoor local soil levels and indoor arsenic dust in this 

thesis disagrees with Rasmussen et al. (2013). They suggested that natural background levels 

of arsenic are the dominant source of indoor arsenic levels, as the natural background level of 
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arsenic was relatively high (median of 5.8 mg/kg in Canada). Doyi et al. (2019) also found 

arsenic to be significantly but weakly associated with garden soil arsenic from the same 

household in Sydney, Australia (r2 = 0.08, p < 0.006). Due to the smaller presence of CCA-

treated timber in Canada, and the smaller prevalence of burning CCA-treated wood for home 

heating in Australia, it may be that the arsenic contribution from burning treated wood is 

greater in New Zealand than in these countries – hence the contribution of soil to indoor 

arsenic concentrations is lower, showing a lack of association. In a similar fashion, studies in 

China have found not found a significant positive correlation between arsenic in household 

dust and soil (Cao et al., 2015; Shi & Wang, 2021); thus another, more significant source 

exists in addition to soil. This was suggested to be atmospheric deposition (Cao et al., 2015) 

and industrial sources (Shi & Wang, 2021).  

While there were no significant correlations between household dust and local soil metal 

concentrations, all median metal concentrations were statistically significantly higher in dust 

than their corresponding concentration in local soil (Appendix 4.4, Part H), suggesting a 

largely anthropogenic origin (Isley et al., 2022a). The exception was Mn, which was 

significantly lower in household dust than in soil (Figure 4.9). This suggests that a likely 

source of indoor Mn is soil. Mn was not significantly correlated with local soils; therefore, it 

may be that local soils are a source of indoor Mn, in addition to other sources. Other potential 

sources of Mn in the literature include interior paints and decorations, fossil fuel combustion 

(Bao et al., 2019) and burning of solid fuels such as wood and coal (Reis et al., 2015; Wang 

et al., 2020a). The burning of wood and other plant biomass may release Mn (as well as Cu, 

Pb and Zn), as these metals tend to accumulate in plants during growth (Wang et al., 2020a). 

On the other hand, Isley et al. (2022a), Doyi et al. (2019), and Reis et al. (2015) found 

residential soil to be a significant source of dust Mn. As such, Mn from residential soils may 

show a better correlation with indoor household dust than local Mn concentrations. 
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Figure 4.9: Boxplot of Mn concentrations sampled in dust (this thesis) and soil (Martin et al., 

2022) in Auckland 

 

4.53 Multivariate analysis 

4.531 Principal Component Analysis (PCA) 

The PCA identified three principal components that explained 71% of the total variance in 

the dataset (Table 4.8). The top contributors to each component were taken as those with 

contributions above average (above 14.3% - see Figure 4.10). PC1 explained the most 

variance in the dataset (40.1%), with high contributions from Cu, Ni, Zn and Cr. PC2 

explained 17.6% of the variance and was dominated by As, Cr and Ni. PC3 was dominated 

by Mn and accounted for 13.3% of the variance. 

Table 4.8: Percentage contribution of metals to Principal Components in PCA 

Metals 

 (% contribution) 

Principal Components 

PC1 PC2 PC3 

As 10.4 39.0 4.4 

Cr 16.4 23.5 0.3 

Cu 24.5 10.2 12.1 

Mn 6.1 0.3 64.2 

Ni 22.0 21.5 3.1 

Pb 0.2 5.1 6.9 
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Zn 20.4 0.3 9.0 

Variance explained 

(%) 
40.1 17.6 13.3 

 

 

Figure 4.10: Bar graphs of % metal contributions to PC1, PC2 and PC3. The dotted line 

shows a 14.3% contribution, which is the expected average contribution of each variable if 

each variable were to contribute an equal amount 

 

4.532 Positive Matrix Factorisation (PMF)  

The PMF was run with three factors and gave the contribution of each metal to each of the 

three factors. The factors identified were an As-dominant factor (Factor 1), Zn factor (Factor 

2) and Ni factor (Factor 3) (see Figure 4.11). These differed from those of Isley et al.’s model 

(Figure 4.12); however, Factor 1 had a similar profile (of metals attributed) to the As factor in 

their study.  
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Figure 4.11: PMF model outputs for an overall dataset: Contribution of each metal to each 

factor, by % (top) and concentration (bottom) 

 

Figure 4.12: PMF model outputs for the New Zealand cohort (Isley et al., 2022a). 

Contribution of each metal to each factor, by % (top) and concentration (bottom) 
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4.54 Interpretation of factors  

This section uses the metal contributions to each PC (from the PCA) and factor (from the 

PMF) to infer the likely and primary sources of metals in household dust. In comparing the 

results of the PCA and PMF analyses, Factor 1 appeared most similar to PC2, Factor 2 to 

PC3, and Factor 3 to PC1 (as indicated by red, green and blue bar charts). These were 

interpreted as biomass burning, outdoor/tracked-in and traffic sources, respectively. 

Factor 1, PC2: Biomass burning source? 

Taken in conjunction with the results of this thesis and previous Auckland and New Zealand 

source apportionment studies, this factor may represent a primarily biomass-burning source. 

PMF analyses from other studies on dust, air quality and lichen in Auckland have associated 

arsenic with biomass burning profiles and is a factor not observed in other countries 

(Boamponsem et al., 2017; Davy et al., 2017; Isley et al., 2022a). The uniqueness of this 

factor in New Zealand may be due to the ongoing and historically widespread use of CCA-

treated timber in New Zealand (Section 2.2). The PMF factor (1) had the greatest contribution 

from arsenic and Cr (Figure 4.11), a result similar to that of Isley et al.’s PMF output (Figure 

4.12). 

The lower contributions of Cr and Cu (relative to arsenic) to this factor indicate that metal 

residues from the burning of CCA-treated timber may come from the airborne emissions of 

such burning, because it is expected to have higher volatilisation of arsenic and contribute 

little to Cr or Cu (Section 2.22). This result is supported by the high levels of arsenic which 

have been detected in Auckland’s air (section 2.121); additionally, this thesis found that 

indoor arsenic levels were elevated in areas that report higher ambient levels of arsenic and 

higher wood burner density (see Sections 4.2 and 4.21).  

In Auckland’s air quality studies, Zn is a metal which has also been associated with biomass 

burning, as it is present in plant material (Davy et al., 2017). Internationally, biomass burning 

has also been associated with Zn (Laupsa et al., 2009), Cr (Ahmed et al., 2016), and Cu 

concentrations (Zhang et al., 2014). 

Factor 2, PC3: Outdoor source, tracked-in?  

This source may be residue from building materials or local soils, which are tracked in on 

occupants’ footwear. The PMF profile (factor 2) features Pb and Mn heavily. Since Mn is 
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likely to have a natural soil source in this study, it may be that Pb also has an outdoor source 

and that these metals are tracked in on footwear. This is supported by the significant 

correlation between these two metals and the removal of shoes indoors observed in this thesis 

(Section 4.41). It has been reported that soil Pb is elevated in the dripline zone of a house 

(within 1 m of the side of a house) compared to the yard and the street (Rouillon et al., 2017; 

Filippelli et al., 2018; Obeng-Gyasi et al., 2021). A positive association between Pb levels in 

soil and indoor dust has also been found in the literature, suggesting that soil can be a 

common source of indoor Pb (Hunt et al., 2012; Doyi et al., 2019). Zn and Cu may also come 

from residential soils under dropline zones (Isley et al., 2022a), which supports this emission 

source. 

Additionally, Pb and Mn were significantly correlated with increasing house age in this study 

(Mn: p = 0.038, rs = 0.235; Pb: p < 0.01, rs = 0.531 – see Appendix 4.4, Part K); similar to the 

results found by Isley et al. (2022a) for Mn, Pb and Zn, and Rasmussen et al. (2013) for Pb 

and Zn. House age has generally been related to ‘dustiness’ of homes due to the wear and tear 

of building materials (Kim & Fergusson, 1993; Rasmussen et al., 2013) and may tend to trap 

heavy metals due to the presence of crevices and warps in building materials, which develop 

with age (Tong & Lam, 2000). Pb dust can come from the wear of lead-based paints (Kim & 

Fergusson, 1993; Isley et al., 2022a). Cu and Zn have also been associated with household 

materials such as galvanised steel (Kim & Fergusson, 1993). Therefore, considering the 

association of Mn and Pb with shoe wear, it may be that building deterioration which takes 

place outdoors, is tracked into the home.  

This factor differs slightly from Isley et al.’s model, where the most similar factor profile 

(Zn-Cu) did not feature high contributions from both Pb and Mn (Figure 4.12). Differences in 

these profiles may be due to differences in the datasets collected across Auckland. As both 

datasets were relatively small, there may have been large differences in characteristics such 

as house age and shoe wear, thus affecting their influence on household dust and the factors 

output by the PMF. 

Factor 3, PC1: Traffic or road dust source? 

PC1 showed the highest contributions from Cu and Ni (Figure 4.10). The source contribution 

profile from the PMF analysis also showed large contributions from Ni and Cr (Figure 4.11). 
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The emission source for this factor is less clear; however, it may be due to a road dust source, 

whereby metals generated by traffic are brought indoors. The analyses showed high 

contributions from Cr, Cu, Ni and Zn. 

In New Zealand, Davy et al. found these Zn and Cu to be strongly associated with motor 

vehicle sources in Auckland’s air (2017), due to the combustion of lubricant oils and brake 

wear, respectively. Curran-Cournane et al. (2015) also found that soil Cr, Cu, Ni and Zn 

concentrations were highest at high-traffic sites. Therefore, this factor may be due to traffic or 

road sources in Auckland. Internationally, Cr and Ni in road dust have been reported to 

originate from road traffic sources (Huang et al., 2021). Ni is generated by motor oil 

combustion, tailpipe emissions and automotive batteries (Johansson et al., 2009; 

Boamponsem et al., 2017; Cheng et al., 2018; Filippelli et al., 2018; S. Huang et al., 2021). 

Cr can come from the abrasion of metal surfaces which are plated or coated (Stamatelopoulou 

et al., 2021)  

This factor is unlike any factors output by Isley et al.’s (2022a) PMF model for New Zealand 

data (Figure 4.12). Again, the reason for this is likely due to small datasets and differences in 

the characteristics of samples collected. 

4.6 Limitations 
One of the main limitations of this study is the lack of representation of Auckland’s wood-

burning homes. The number of homes with wood burners was small (11.5% of samples); 

therefore, the direct effect of wood burning (and potentially the burning of CCA-treated 

timber) on one’s indoor arsenic concentrations may not have been well represented. 

However, the effect of general wood burning could be investigated using wood burner 

density data from the 2018 Census. This gave an insight into wood burning patterns and their 

relationship to ambient and household arsenic concentrations at a more regional level rather 

than a localised one. The localised effects of wood burning on household dust arsenic (such 

as the effect of wood burning on nearby non-wood burning homes) would be better 

investigated by having a larger sample of wood burning homes, as well as samples of houses 

nearby. In addition, having a larger paired dataset in these regions would help to investigate 

the effect of season on arsenic concentrations, and therefore the effect of wood burning on 

indoor arsenic. This would mean recruiting more participants willing to participate in both 

winter and summer sampling. 
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For the analysis in Section 4.21, samples ranged from 0.3 – 17.5 km away from their closest 

monitoring station; therefore, samples may not be well represented by the arsenic levels 

measured by their assigned monitoring station. Due to the small sample size, all except the 

Matakana sample were retained for this analysis. In future studies, collecting more samples 

closer to the monitoring stations would help to investigate the link between ambient and dust 

arsenic in these regions. 

Another limitation is the small sample of homes within close proximity to the air quality 

monitoring stations. More targeted recruitment of participants in Takapuna, Penrose, 

Henderson, and Papatoetoe would improve this study, as it would allow for a more robust 

comparison of the reported ambient arsenic and household dust arsenic. Additionally, these 

are known regions of high wood burner density and ambient arsenic concentrations – 

therefore, it is likely that CCA-wood burning is greater in these areas. Sampling in these 

areas would also better represent the relationship between CCA-wood burning and indoor 

arsenic concentrations. 

A significant source of indoor metal dust is residential soil, as reported in the literature. 

Therefore, sampling garden soil in addition to household dust would allow for this 

relationship to be investigated in Auckland. The lack of a significant relationship would 

support the hypothesis that indoor arsenic comes predominantly from CCA-treated timber in 

New Zealand.  

Another significant source of arsenic in New Zealand may be treated timber structures, the 

deterioration of which can result in the release of arsenic into the environment. Arsenic 

residue from these structures may also be tracked indoors, presenting a source of indoor 

arsenic. The effect of such structures could be further investigated by adding a question to the 

survey.  

For example, 

“Do you have large, wooden, outdoor structures commonly used on your lot? E.g. 

wooden decks, patios, playgrounds, stairs.”  

“If so, approximately how old is this structure? Is there any visible weathering of this 

structure, e.g. discolouration, cracking?” 
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Due to the nature of this dataset (few chemical species available to infer emission groups), 

the results of PMF may not imply discrete, defined sources of household dust, but rather 

consist of mixtures of emission sources. The interpretation of sources for each factor were 

based on the literature available on metal emission sources in air and household dust studies. 

However, these emission sources were not all specific to Auckland or New Zealand, therefore 

may not accurately or discretely represent metal sources in Auckland. The suggested 

emission sources (biomass burning, outdoor tracked-in source and traffic source) could be 

better substantiated by collecting data on residential soil and street dust for each household 

dust sample collected. This would give a better idea of what metal and ratios are expected 

from each factor. Additionally, a larger dataset (samples collected across Auckland) with 

more species investigated would aid the interpretation of the PMF results. 

4.7 Summary 

Samples of household dust were analysed from 78 homes across Auckland. Indoor arsenic 

concentrations were about six times greater than the local soil concentrations, suggesting an 

anthropogenic source. In total, 64% of samples exceeded the soil guideline value (20 mg/kg), 

indicating that some Auckland households may be exposed to high levels of arsenic. The 

median concentration reported in this study is lower than that of the previous New Zealand 

survey (Isley et al., 2022a), however, it has a similar range of concentrations. 

There is evidence to suggest that wood burning activity in Auckland affects household 

arsenic levels on a regional scale. Indoor arsenic levels were elevated in regions that 

previously reported high levels of ambient arsenic and where wood burner density is 

relatively high. However, the arsenic levels of a given house were not significantly affected 

by season, the smell of wood smoke in the neighbourhood, or the wood burner density in the 

area. There is not enough evidence in this study to study the localised effect of wood burning 

on indoor arsenic – such as the effect of wood burning on nearby homes. 

Interpretation of the PCA and PMF results suggest that household dust arsenic in Auckland 

may come from a biomass-burning source. Arsenic featured heavily in one factor produced 

by the PMF analysis, as reported by Isley et al. (2022a) for New Zealand.  
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5.0 Conclusions 
This thesis investigated indoor arsenic concentrations in Auckland homes. The focus was on 

potential sources of arsenic and the influence of CCA-treated wood burning on indoor arsenic 

in household dust. This was done by investigating spatial variability, seasonal variability, and 

the effects of wood-burning and non-wood-burning factors on indoor arsenic levels, and 

using multivariate analyses.  

Most homes sampled (63%) had dust arsenic levels greater than the guideline value for 

arsenic in soil. On average, the indoor dust concentrations were 3.25 times the concentrations 

in soil (median values). However, the median arsenic levels were lower than those sampled 

previously by Isley et al. (2022a) in New Zealand. On an international scale, Auckland’s 

indoor arsenic levels were lower than those found in industrial and mining regions but higher 

than some found in urban areas. This may be due to the prevalence of the use of treated 

timber in New Zealand. The contribution of the burning of CCA-treated timber to airborne 

and indoor arsenic levels may be relatively high in New Zealand. 

The spatial distribution of arsenic suggested that, on a regional scale, overall wood-burning 

activity in Auckland may contribute to indoor arsenic. Samples collected in Papatoetoe in the 

South of Auckland had the highest median arsenic concentrations of all the dust samples 

collected (32.3 mg/kg), followed by Henderson (30.0 mg/kg) - both regions that reported high 

ambient arsenic concentrations in the air. The wood burner densities found in these areas 

were also relatively high, as was the reported smell of wood smoke. Thus, wood burning 

activity in these areas is likely to be responsible for the high levels of ambient arsenic. Weak 

correlations were observed between the indoor concentrations and all other potential sources 

of arsenic which were considered. 

On a smaller scale, it is unclear if wood burning increases indoor dust arsenic levels within an 

individual house or of houses nearby. This is because household dust arsenic levels were not 

found to be significantly correlated with local wood burner density, nor were they 

significantly different for participants smelling and not smelling neighbourhood woodsmoke. 

This is likely due to the localised and variable burning of CCA timber, determined by the 

availability of CCA-treated wood as well as the desire and means to burn it.  
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There was no significant difference in arsenic concentrations between the two seasons, 

although the median was slightly higher in summer than in winter. This indicates that there 

may be a summertime source of arsenic in Auckland, which was not considered during data 

collection, for example, the burning of treated timber for outdoor cooking. Additionally, the 

infiltration of arsenic indoors may be facilitated by open windows and doors in the 

summertime, leading to high levels during the summer. 

Indoor arsenic levels were not associated with non-woodsmoke variables; levels of arsenic in 

local soil, the track-in of contaminants, house age or renovation or the distance from 

industrial sources. The only non-wood burning factor that significantly affected arsenic 

concentrations was the presence of pets being allowed to move in and out of the house. It is 

hypothesised that these pets (and not humans) track in arsenic from garden soils or treated 

timber structures on the property; however, this could not be tested with the evidence in this 

thesis. 

The multivariate analyses suggested a factor with high loadings from arsenic, similar to that 

reported by Isley et al. (2022a) – a phenomenon unique to New Zealand. This result, taken 

with the association of indoor arsenic levels, regional wood burning and regional ambient 

arsenic, indicates that the burning of CCA-treated wood may be a source of household dust 

arsenic in Auckland. This suggests that biomass burning is a relatively consistent source of 

household dust arsenic in Auckland, regardless of season and spatial distribution. 

In terms of the other metals measured in household dust, all seven metals measured were 

found to be in significantly higher concentrations indoors than compared with outdoors (in 

local Auckland soils), with the exception of Mn which may have come primarily from a soil 

source. The only metals significantly correlated with any variables were Mn and Pb; they 

were associated with house age and the frequency of shoes worn indoors. As such, these 

metals may have come from the deterioration of building materials and may have been 

tracked in from outdoor sources on occupant footwear. 

5.1 Future studies and implications 
The burning of treated timber is a behaviour which has been commonly identified in New 

Zealand studies, with the results of this study, suggesting that it may be a source of indoor 

arsenic. Therefore, to reduce ambient and indoor levels of arsenic, it is important that such 

burning is reduced. This may be achieved by providing the public with more information 
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about treated timber and the health implications of burning it. Additionally, more sampling of 

ambient and indoor arsenic across more areas in Auckland would help to identify burning 

‘hotspots’, and so where to focus such educational efforts. 

This thesis addressed the research gap in indoor arsenic levels and the relationship between 

arsenic and the burning of treated timber in Auckland. Future studies could build on this 

research by examining the important factors identified in this study that could not be 

addressed. Regarding the recruitment of participants, future studies would benefit from 

targeting homes with wood-burning stoves and providing an incentive for participants to 

submit samples in both summer and winter. Additionally, studies could focus on recruiting 

homes near air quality monitoring stations, to better test the relationship between ambient 

arsenic and indoor arsenic levels. 

Questionnaires given to participants should investigate summertime sources of arsenic, for 

example, the burning of treated timber for outdoor cooking. To investigate the effect of 

treated timber structures on indoor arsenic, it would be beneficial to ask participants about the 

age and size of such structures on their lot.  

While this study investigated potential sources of indoor arsenic and their relation to ambient 

arsenic and wood burning, the relationships identified in this study would be better 

understood with more studies and a larger number off samples. This is particularly true due to 

the many potential sources of arsenic and other metals commonly found in household dust. 
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Appendix 

3.1 – Plots of sample element concentration and run order (Winter) 
(a) 

 

(b) < LOD 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 
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3.2 – Plots of run order against reference material NIST 2710a (Winter). Solid black 

lines represent ±30% of the median. 
(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

 

(h) 
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3.3 - Plots of run order against reference material NIST 2711a (Winter). Solid black 

lines represent ±30% of the median. 
(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g)  

 

(h) 

 

 



141 

 

3.4 - Regression plots of replicates in Winter 
(a)  

 

(b) Cd <LOD 

(c) 

 

(d) 

 
(e) 

 

(f) 
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3.5 - Plots of sample element concentration and run order  (Summer) 
(a) 

 

(b) < LOD 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) *

 

(h) 

 

* Excluding two outliers for Pb at 1098 and 5625 mg/kg 
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3.6 - Plots of run order against reference material NIST 2710a (Summer). Solid black 

lines represent ±30% of the median. 
(a) 

 

(b) 

 

(c) 
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3.7 - Plots of run order against reference material NIST 2711a (Summer). Solid black 

lines represent ±30% of the median. 
(a) 

 

(b) 
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3.8 - Regression plots of replicates in (Summer) 
(a)  

 

(b) Cd <LOD 
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(g) 

 

(h) 

 
 

3.9 - Participant questionnaire (from DustSafe Online survey, 2021) 
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DustSafe Questions: 
 

• Address 

• No. occupants 

• Info for each occupant: gender, age, primary occupation, 

• Is this occupant exposed to metal in their occupation? 

• Do they engage in hobbies which involve contact with lead or other metals? 

• Do they engage in hobbies which involve contact with lead or other metals? 

• Have they ever been tested for blood lead (Pb) concentration? 
 
What is your house made of? 

• Select all that apply: 

• Asbestos based plank/sheeting 

• Non-asbestos based plank/sheeting 

• Brick 

• Metal sheeting 

• Stone/Cement 

• Timber 

• Other 
 

Approximately, how old is your house? 
 
What is the type of your house? 

• Detached / Free standing house 

• Semi-detached / Joined house 

• Villa 

• Townhouse 

• Unit / Flat 
 

Does your house have a garden? 
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Have you renovated your house at any time in the past 5 years? 
 
Does the exterior of your house have any large areas of peeling paint? 
 
Does the interior of your house have any large areas of peeling paint? 
 
Do you use a waste incinerator at your property? 
 
Do you have pet(s) that typically move into and out of the house? 
 
Do any occupants smoke indoors? 
 
What is your primary source of fuel for heating? 

• Coal 

• Electricity 

• Gas 

• Oil 

• Wood 

• Other 
 
What is the type of flooring in your main living area? 

• Carpet 

• Wood 

• Linoleum 

• Tiled 

• Concrete 

• Other 
 
On average, how often do you vacuum the main rooms in your house? 

• Weekly or more 

• Twice a month 

• Monthly or less 
 
When did you last empty the vacuum cleaner? 

• Today 

• This week 

• This fortnight 

• This month 

• More than 1 month ago 
 
Is the vacuum cleaner sometimes used in other areas besides the house? 

• e.g. car, garage, verandah 

• Yes 

• No 
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4.0 – Participant forms (This study) 
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4.1 - Summary statistics of dust metal concentrations (mg/kg) (This thesis) 
 

Element n Minimum Median Mean Maximum Stdev 

As 77 5.3 26 36 166 34.0 

Cd 2 6 7.9 9 14 3.6 

Cr 76 13 98 127 762 101.4 

Cu 78 24 196 212 785 129.7 

Mn 78 35 190 204 405 76.8 

Ni 72 8 51 63 355 57.9 

Pb 77 7.4 61 168 5625 641.7 

Zn 78 125 982 1126 3418 602.2 

 

4.2 - Summary statistics of dust metal concentrations in New Zealand (mg/kg) 
(Isley et al., 2022a) 
 

Element n Minimum Median Mean Maximum Stdev 

As 47 7.8 39 47.9 157 34.6 

Cd 3 8 8 12 20 6.9 

Cr 47 26 131 174 844 159 

Cu 47 23.5 172 206 508 114 

Mn 47 89 293 318 769 156 

Ni 47 5.3 32 33.5 112 25.8 

Pb 47 13.2 79 194 1660 298 

Zn 47 245 1070 1130 2880 546 

 

4.3 - Frequency of answers given in questionnaire 
 

Categorical variable Frequency of answers given (from questionnaire) 

Region 

(closest monitoring 

station) 

Takapuna Henderson Penrose Papatoetoe  

32 17 14 15  

Woodsmoke smelled in 

winter 

Often Sometimes Never 
I don't 

know 
NA 

13 38 18 4 5 

Shoes removed indoors 
All Some None NA  

41 29 4 4  

Pets indoors Yes No    
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29 49    

House renovated in last 

5 years 

Yes No    

32 46    

Incinerator used 
Yes No    

15 63    

Floor type 
Carpet Linoleum Wood Other  

45 1 31 1  
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4.4 - P-values of the effect of variables on dust metal concentrations  
(* Significance at 0.05 level, ** at the 0.01 level) 

Part 

Variable effect 

on dependent 

variable, X 

X 

(dependent 

variable) 

Test  

(p-values given unless 

stated otherwise) 

Median value 

 (mg/kg unless stated otherwise) 

Metal in 

dust 

Median 

Test 

Mann-

Whitney U 

Test  

This study 
Isley et al., 

2022a 
  

A 

Dust Study 

 

(comparing 

results of this 

thesis and Isley et 

al., 2022a) 

As 0.003** 0.010* 26 39   

Cr 0.046* 0.013* 98 131   

Cu 0.503 0.769 195.8 172   

Mn <0.001** <0.001** 190.5 293   

Ni 0.017* <0.001** 51 79   

Pb 0.022* 0.006** 61.3 32   

Zn 0.661 0.704 981.5 1070   

B 

Region  

(nearest air 

quality 

monitoring 

station) 

Metal in 

dust 

Median 

Test 

Kruskal-

Wallis Test 
Takapuna Penrose Henderson Papatoetoe 

As 0.046* 0.156 23.7 19.7 30 32.3 

Cr 0.436 0.908 111.5 100.5 98.5 90.5 

Cu 0.211 0.119 179 234.5 207 211 

Mn 0.124 0.013* 178 209.25 163 259 

Ni 0.087 0.350 45 51.5 33 63 

Pb 0.324 0.270 53.2 78.5 61.5 66.85 

Zn 0.011* 0.141 923.5 966 605.5 1281.5 

C General location 

Wood 

burner 

count 

(number/ 

 SA1 unit) 

Median 

Test 

Kruskal-

Wallis Test 
Takapuna Penrose Henderson Papatoetoe 

<0.001** 0.002** 
6 burners/ 

 SA1 unit 

2 burners/ 

 SA1 unit 

9 burners/ 

 SA1 unit 

6 burners/ 

 SA1 unit 
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D 
Wood burner 

count 

Metal in 

dust 

Spearman's 

rank Test 

Correlation 

coefficient, 

rs 

    

As 0.756 0.036     

Cr 0.969 0.004     

Cu 0.842 0.023     

Mn 0.349 -0.107     

Ni 0.957 0.006     

Pb 0.949 0.007     

Zn 0.525 -0.073     

E 
Woodsmoke 

smelled in winter 

Metal in 

dust 

Median 

Test 

Kruskal-

Wallis Test 
‘Often' ‘Sometimes' ‘Never'  

As 0.134 0.126 27.4 33.2 20.4  

Cr 0.222 0.343 90.5 99 148  

Cu 0.059 0.006** 125 209 185.5  

Mn 0.24 0.287 219 179 195.5  

Ni 0.302 0.41 31 45 55  

Pb 0.397 0.543 76.9 57.3 61.6  

Zn 0.638 0.228 864 982 1095  

F 
Shoes removed 

indoors 

Metal in 

dust 

Median 

Test 

Mann-

Whitney U 

Test 

'All' 'Some'   

As 0.117 0.065 22.5 29.5   

Cr 1 0.681 100 102   

Cu 0.145 0.104 179 211   

Mn 0.004** <0.001** 159 224   

Ni 0.549 0.323 44 54.5   

Pb 0.015* 0.006** 54 76.7   

Zn 0.332 0.062 900 1184   
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G 
Local soil metal 

levels 

Metal in 

dust 

Spearman's 

rank Test 

Correlation 

coefficient, 

rs 

    

As 0.453 0.087     

Cr 0.779 -0.03     

Cu 0.071 0.207     

Mn 0.136 0.172     

Ni <0.001** -0.095     

Pb 0.422 0.379     

Zn 0.308 0.118     

H 

Metal 

concentrations in 

household dust 

(this study) and 

soil (Martin et al., 

2022) 

Metal in 

dust 

Median 

Test 

Kruskal-

Wallis Test 

Household 

dust 

Soil 

 (Martin et al., 

2022) 

  

As <0.000** <0.000** 26 8   

Cr <0.000** <0.000** 98 32   

Cu <0.000** <0.000** 196 43   

Mn <0.001** <0.001** 190 588   

Ni <0.001** <0.001** 51 37   

Pb <0.001** <0.001** 61 34   

Zn <0.000** <0.000** 982 1054   

I Pets indoors 

Metal in 

dust 

Median 

Test 

Mann-

Whitney U 

Test 

'Yes' 'No'   

As 0.134 0.017* 30 21.5   

Cr 0.576 0.211 104.5 93.3   

Cu 1 0.563 196 190   

Mn 1 0.717 191 190   

Ni 0.444 0.428 32.5 53   

Pb 0.160 0.079 75.4 56.7   

Zn 1 0.8 930 984   
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J House age 

Metal in 

dust 

Spearman's 

rank Test 

Correlation 

coefficient, 

rs 

    

As 0.21 0.144     

Cr 0.713 0.043     

Cu 0.051 0.222     

  Mn 0.038* 0.235     

  Ni 0.792 -0.034     

  Pb <0.01** 0.531     

  Zn 0.058 0.216     

K 

House renovated 

in the last five 

years 

Metal in 

dust 

Median 

Test 

Mann-

Whitney U 

Test 

'Yes' 'No'   

As 0.892 0.702 26.3 26   

Cr 0.925 0.811 100 97.3   

Cu 0.818 0.903 184 199.5   

Mn 0.818 0.264 190 190.5   

Ni 0.367 0.232 55.3 44.8   

Pb 0.818 0.867 64.6 59.8   

Zn 0.818 0.677 1025 932.5   

 



 

 

 


